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FOREWORD 


This  report  was  prepared  by  the  Lockheed-California  Compeuiy  under 
Contract  D0T-FA75-WA-3707.  The  report  contains  a partial  description  of 
the  effort  performed  as  part  of  Task  II  and  covers  the  period  from  July 
1976  to  December  1977.  The  work  was  administered  ruider  the  direction  of 

the  Federal  Aviation  Administration  with  H.  Spicer  acting  as  Technical 
monitor. 

The  program  lesuier  was  Gil  Wittlin  of  the  Lockheed-California  Company. 
Important  contributions  were  made  to  the  progrsun  by  the  Cessna  Aircraft 
Company,  which  participated  as  a subcontractor.  Under  the  direction  of 
D.  J,  Ahrens  and  W.  B.  Bloedel,  the  Cessna  Aircraft  Con5)any  provided 
valuable  data  with  regard  to  genereCL  aviation  structure,  designs,  and 
procedures  and  develed  a computer  program  for  selecting  accident  data  from 
OTSB  tapes,  M.A.  Gamon,  W.L.  LaBarge  and  P.C.  Dur\5>,  of  the  Lockheed- 
California  Company,  participated  in  the  program.  The  Lockheed  effort 
WHS  performed  under  the  supervision  of  J.E.  Wignot  (Dynamic  Loads)  and 
R.F.  O'Connell  (Aeromechanics  Department). 
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This  report  contains  Volume  III  of  the  General  Aviation  Airplane 
Structural  Crashworthiness  User's  Manual.  General  information  is  presented 
in  this  report  to  assist  the  general  aviation  airplane  industry  designer  in 
developing  improved  structural  crashworthiness  designs.  This  report  is 
initiated  for  the  purpose  of  providing  the  General  Aviation  Manufacturers 
Association  (GAMA)  members  with  the  basis  for  understanding  the  types  of 
procedures,  methods  and  data  that  are  available  with  regard  to  structural 
crashworthiness.  This  document  contains  the  following  sections: 

1.  General  Aviation  Airplane  Operational  and  Structural  Characteristics 

2 . Crash  Environment 

3.  Occupant  Injury  Assessment 

4.  Structural  Data  and  Methods 

5.  Stioictural  Crashworthiness  Design  and  Compliance  Methods 

Each  section  has  its  own  numbering  and  reference  system,  thus,  it  can  be 
readily  updated  to  include  revised  or  additional  information,  as  such  data 
becomes  available.  The  information  presented  in  this  Volume  is  Intended  to 
compliment  the  KRASH  User's  Manual  (Volume  l)  as  well  as  other  analytical  or 
test  methods  that  are  applicable  to  structural  crashworthiness  design. 
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INTRODUCTION 


Recent  advances  In  the  state-of-the-art  of  analytically  modeling 
vehicles  provides  the  potential,  for  assessing  auid  improving  crashworthiness 
capability  during  the  initial  stages,  wherein  it  is  most  economical  to  do  so. 
In  the  past,  emphasis  has  been  placed  on  developing  improved  crashworthy 
designs  baaed  on  test  results.  While  both  test  and  analytical  techniques 
can  provide  slgnlficauit  contributions  to  facilitate  the  design  of  improved 
generatl  aviation  airplanes  insofar  as  structured,  crashworthiness  is 
Involved,  designers  will  also  benefit  from  information  pertinent  to  related 
areas.  Included  in  these  related  areas  are  occupant  injury  assessment,  type 
and  availability  of  structural  data,  methods  of  assessing  crashworthiness, 
generid.  aviation  airplane  operating  characteristics  and  the  crash  environment. 
The  intent  of  this  document  is  to  initiate  for  the  general  aviation  airplane 
designers  a structural  crashworthiness  document  which  complements  the  KRASH 
User's  Manual  in  that  it  contains  general  information  pertinent  to  crash- 
worthiness design.  In  some  respects  this  document  is  similiar  to  the  U.S, 
Army  Crash  Survival  Design  Guide.  However,  at  present  it  is  more  limited 
in  scope.  Where  applicable,  data  contained  in  the  U.S.  Army  Crash 
Survival  Design  Guide  is  incorporated.  At  present  this  document  is  oriented 
toward  applications,  procedures,  techniques  and  structural  data  appropriate 
for  structural  analysis  of  light  fixed-wing  aircreift.  No  attempt  is  made 
to  include  such  subjects  as  fuel  systems,  seat  and  restraint  systems  design 
criteria,  emergency  escape  provisions  and  post  crash  fire  design  criteria. 
While  these  subjects  are  Important  aspects  for  the  safety  of  occupants, 
detailed  treatment  of  each  of  these  areas  can  be  extensive  and  is  beyond 
the  scope  of  this  document,  at  the  present  time.  It  is  anticipated  that 
future  psurticipation  by  general  aviation  industry  members  will  help  expand 
this  document. 
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This  document  is  formulated  in  such  a manner  that  it  can  be  readily 
updated  in  the  following  manner; 

1.  New  sections  i)ertaining  to  related  subject  matter  can  be  added. 

2.  Existing  sections  can  be  revised  or  expanded  since  they  are 
independent  of  one  another  and  contain  their  own  numbering  system 
and  references. 
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SECTION  1 


GENERAL  AVIATION  AIRPLANE  OPERATIONAL 
AND  STRUCTURAL  CHARACTERISTICS 


1.1  INTRODUCTION 


The  occupant's  chances  to  escape  serious  or  fatal  injuries  depend  on  the 
the  crash  environment,  the  occupant  restraint  system,  the  manner  in  which  the 
structure  surrounding  the  habitable  space  deforms  and  the  forces  that  are 
imposed  on  the  occupant  from  the  response  of  the  airplane  and/or  the  occiq^nt's 
motion  relative  to  hardware.  An  airplane's  structural  characteristics  have  a 
potentially  strong  Influence  on  the  occupant's  chances  for  survival  during  a 
crash.  Since  the  loads  imposed  on  the  airframe  and  the  occupants  are  a 
function  of  airplane  usage,  structural  design,  location  of  major  masses  and 
attachments,  the  identification  of  the  various  airplane  configurations  and 
associated  characteristics  will  assist  in  the  formulation  of  mathematical 
models  and  suijportlng  guidelines.  The  purpose  of  this  section  is  to  provide 
a general  description  of  the  different  airplane  configurations  and  the  types 
of  structure  which  have  to  be  modeled.  Airplane  vusage,  operational  charac- 
teristics, and  structural  characteristics  are  defined  and  airplane  categories 
are  presented. 


I 1.2  AIRPLANE  USAGE 

I!  The  resvdts  of  a survey  describing  the  operating  characteristics  for 

light  fixed-wing  general  aviation  airplanes  currently  flying  and/or  in  pro- 
ductlon  by  major  domestic  manufacturers  are  described  in  Reference  1,  In- 
cluded in  this  survey  are  6l  airplane  models  which  are  classified  into  the 
following  four  configurations: 

e Single- engine,  low-wing 
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• Single-engine,  high-wing 

• Twin-engine , low-wing 

• Twin-engine,  high-wing 

Of  the  6l  airplane  models  surveyed  (Reference  l),  the  breakdown  by 
configuration  is: 

• (24)  single-engine,  low-wing 

• (20)  twin-engine,  low- wing 

• (13)  single-engine,  high-wing 

• (4)  twin -engine,  high- wing 

In  addition,  the  following  usage  categories  are  established: 

a.  Agriculture:  Application  of  chemicals  or  seeding  crops. 

b.  Aerobatic,  sport:  Performance  of  sporting  and  aerobatic  functions. 

c.  Training:  Used  for  instructional  purposes,  usually  meaning  initial 
flight  training.  Some  of  the  larger  aircraft  may  be  classified  as 
a trainer  for  instrument  rating  purposes. 


d.  Business,  executive:  This  category  may  overlap  into  several  areas. 
Ai^lies  to  airplsines  used  in  the  performance  of  business  functions. 

e.  Commuter,  transport,  air  taxi:  Carrying  of  people  for  commerclatl 
use,  such  as  an  airline  service. 


f.  Cargo,  freight:  Hauling  of  freight  or  cargo. 

g.  Utility:  This  is  a multi-purpose  usage.  Generally,  an  airplane  in 
this  category  is  used  to  perform  business  commuter,  and/or  cargo 
carrying  functions. 

h.  Pleasure:  Generally  applicable  to  smaller  economical  airplanes. 
Ustoally  encompasses  sport  and  training  flying. 

Most  of  the  airplanes,  with  the  exception  of  the  agriculture  airplane,  have 
multiple  uses.  Table  1-1  shows  the  evaluation  regarding  the  usage  for  the 
61  airplane  models  siurveyed. 
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TABLE  1-1.  GENERAL  AVIATION  AIRPLANE  GBAGE 


Twin- Engine  Airplanes 

Single-Engine  Airplanes 

Executive/business 

(18) 

Executive/bus iness 

(20) 

Commuter 

(10) 

Aerobatic,  sport  (a) 

(11) 

Cargo- freight 

(5) 

Training  (a) 

(11) 

Training 

(3). 

Commuter 

(10) 

Utility 

(2) 

Utility 

(T) 

Agriculttiral 

(5) 

Cargo/freight 

(M 

(a)  Most  sport,  training  and  aerobatic  airplanes  are  used 
for  pleasure  flying 

A matrix  of  airplane  maximum  takeoff  weight,  airplane  configuration  and 
usage  is  presented  in  Table  1-2. 

1.3  AIRPLANE  OPERATIONAL  CHARACTERISTICS 

Light  fixed-wing  general  aviation  airplanes  have  maximum  takeoff  weight, 
stall  and  cruise  speed  characteristics  as  shown  in  Table  1-3.  Included  in 
Table  1-3  are  the  usage  and  accommodations  associated  with  each  type  of 
configuration . 

1.4  AIRPLANE  CATEGORIES 

To  facilitate  the  development  of  improved  structural  crashworthiness 
for  a vehicle  it  is  important  to  recognize  those  factors,  that  influence  the 
occupant's  chances  to  survive  a severe  crash.  The  crash  environment  depends 
to  a large  extent  on  the  type  of  flying  that  is  being  performed  as  well  as 
the  capability  of  the  airplane  to  perform  certain  missions.  The  latter, in 
turn, dictates  the  weight  of  the  airplane, which  combined  with  the  velocities 
associated  with  a crash  condition  determine  the  amount  of  energy  that  has  to 
be  absorbed  by  the  ground  and  structure  at  Impact.  How  well  the  structure 
^ absorbs  the  energy  depends  on  the  location  of  the  occupemt  and  the  manner 

I in  which  the  occupant  is  s\ipported,  the  structural  strength  and  load 


J 
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MATRIX  OF  AIRPLANE  CONFIGURATIONS  AND  MAXIMUM  TAKEOFF  WEIGHT  AND  USAGE 


Consits  of  one  low-wing  and  one  biplane ' 


TABLE  1-3.  RELATIONSHIP  OF  GENERAL  AVIATION  AIRPLANE  CONFIGURATIONS  TO 

PERFORMANCE  PARAJ.E'TERS,  USAGE  ATO  OCCUPAin  CAP/..CITY 
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deformation  characteristics,  the  location  of  major  masses  relative  to  the 
impact  point  and  to  the  occupant,  the  techniques  used  in  attaching  structure 
and  the  direction  in  which  the  impact  forces  act.  Consequently,  it  can  be 
seen  that  occupant  survivability,  as  a minimum,  is  a function  of  such  factors 


Structxiral  configuration  (high-wing,  low-wing,  single -engine,  twin- 
engine  ) 


• Ojjerating  speeds  (stall  and  cruise) 

• Usage  (mission  requirements) 

• Maximum  takeoff  weight 

• Accommodations  (number  and  location  of  occupants) 


In  Reference  1 these  factors  were  evaluated  and  several  categories  were 
established  for  light  fixed-wing  general  aviation  airplanes.  The  use  of 
these  categories  is  considered  essential  to  the  development  of  meaningful 
crash  design  criteria.  The  categories  are  described  in  Table  1-4.  Figure 
1-1  shows  the  range  of  weight  (maximum  takeoff)  and  operating  speed  (stall 
and  cruise)  associated  with  the  various  airplanes.  Also  shown  in  Figure  1-1 
is  the  region  wherein  the  airplane  categories  are  located. 


1.5  STRUCTURAL  CHARACTERISTICS 

Table  1-5  Identifies  the  structural  design  chauracteristics  of  the  major 
structure  regions  such  as  the  wing,  fuselage,  engine  attachments,  landing 
gear  and  tail  unit  associated  with  different  categories  of  airplanes.  While 
airplanes  can  differ  substantially  in  detail  design,  the  information  in 
Table  1-5  indicates  that  there  are  basically  two  types  of  design  concepts 
for  each  of  the  structural  items  that  need  to  be  modeled  in  crash  analyses. 
For  example,  the  engine  mounts  are  generally  either  of  a stetsl  tube  arrange- 
ment type  or  of  a keel  type. 
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TABLE  1-U.  CATEGORIES  FOR  GEINERAL  AVIATION  AIRPLANES 
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Figure  1-1.  Operational  Velocity/ Weight  Envelope  for 
Chrrrent  General  Aviation  Alrplajies 
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TABI£  1-5*  STRUCTURAL  DESIGN  CHARACTERISTICS  OF  CURRENT  GENERAL  AVIATION  AIRPLANES 


Structure 

Category  1 

Single- Engine, 

Low  Or  Hlgh-Wing, 
Welght<  2500  lb. 

Category  2 
Slngle-Diglne , 

Low  or  Hl^-Wlng, 
Weight  2500-U000  Ih. 

Category  3,  Single- 
Riglne,  Low-Wing,  (a) 
Agricultural  Use  Only, 
Weight  25OO-UOOO  lb. 

Category  U 

Twln»Qiglne , 

Low  or  Hlgh-Wlng, 

Weight  UoOO-10900  lb. 

wing 

D Braced  Wing 

1,2  or  3 spar, 
mostly  metal , 
some  wood  spars 

o Cantilever 

1,2  or  3 spar, 
mostly  metal, 
some  vood  spars 

o Cantilever  1,2 
or  3 spar  mostly 
metal,  some  wood 
spars 

0 Braced  1 or  2 spar 
metal  construction 

o Cantilever  1,2  or  3 
spar,  mostly  metal, 
scxne  vood  spars 

0 One  braced,  all  metal 

Fusel  age 

0 All-metal  seml- 
monocoque 

o Rectangular 
section  welded 
steel  tube 

o Keel  formed  by 
floor  and  lower 
skin  (cabin), 
semi-monocoque 
(rear) 

0 All-metal  semi- 
monocoque 

0 Weld  steel  tube 

0 Welded  steel  tube 
(cabin),  semi- 
monocoque  (rear) 

0 Rectangular  section 
welded  steel  tube 

0 Welded  steel  tube 
(cabin),  seml- 
monocoque  (rear) 

0 Long  nose  section 

0 loolated  occupant 
region 

0 Strong  turnover 
structure 

9 All-metal  semi- 
monocoque 

E>iglne 

Attachment 

0 Tubular 

o Tubular 

0 Keel 

0 Tubular 

0 Tubular 

0 Keel 

Landing 

Gear 

0 Tail  wheel 

0 Tricycle 

0 Cantilever 
spring  main 
gears 

0 Nonretractable 

0 Tail  wheel  retrac- 
table 

0 Tricycle  retrac- 
table and  nonre- 
tractable 

0 Cantilever  spring 
main  gears 

0 Hydrsu”*  IcaT’y 
activated  system 

0 Tail  wheel  type 

0 Nonretractable 

0 Cantilever  spring 
main  gears 

0 Mostly  tricycle 
retractable 

0 some  nonretract- 
able with  cantilever 
spring  main  gears 

0 Hydraulic  or  almotr^ 
reechtfileal  actuated 
syvtaoi 

?'i  1 1 

Ut-.it 

0 Cantilever 
all-metal 

0 Welded  steel 
tube  and  chan- 
fjel  with  fabric 
covering 

0 Cantilever  all- 
metal 

0 Welded  steel  tube 

0 Cantilever  all- 
metal 

0 Cantilever  all 
metal 

(&)  With  the  exception  of  one  biplane 
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The  wing  is  generally  of  a cantilever  design  with  either  a one,  two,  or 
three  spar  arrangement.  The  lighter  weight  airplanes  usually  have  suijport- 
Ing  brace  struts  for  the  wing.  While  most  airplane  structure  is  all-metal, 
some  of  the  lighter  weight  airplanes  use  wood  spars.  The  wings  for  the 
heavier  airplanes,  particularly  the  twin  engine  airplanes  (4000  pounds), 
generally  are  unbraced  and  of  an  all-metal  construction.  The  tail  structure 
for  most  airplanes  is  usually  an  all-metal  cantilever  structure.  The  land- 
ing gear  arrangement  tends  to  be  a function  of  weight,  the  light  weight 
(<2500  pounds ) airplanes  use  a tricycle  or  tailwheel  nonretractable  landing 
gear,  wherein  the  main  gears  are  cantilevered  metal  springs.  The  agricul- 
tural airplanes  use  tailwheel  type  nonretractable  landing  gears.  The 
heavier  single-engine  airplanes  (2500-4000  pounds)  predominantly  utilize 
retractable  tricycle  gears.  Nearly  all  the  twin  engine  airplanes  have 
retractable  tricycle  gear  designs. 

Fuselage  sections  for  most  airplanes,  with  the  exception  of  agric\altural 
airplanes,  are  of  semi-monocoque  construction.  Some  of  the  single-engine 
airpleunes  and  all  of  the  agricultural  type  airplanes  use  a welded  steel  tube 
construction  for  the  cabin  region.  In  some  instances  a combination  of  semi- 
monocoque  and  welded  tube  construction  is  employed.  The  agricultural  air- 
planes generally  contain  design  features  unique  only  to  their  types;  such 
as,  isolated  occupsuit  region,  long  nose  section  and  strong  turnover  structure. 
Occupant  accommodations,  designs,  and  arrangements  vary  widely  and  include 
individ\ial  seats,  reclining  seats,  front  and  rear  facing  seats,  bench  seats, 
side  by  side  seating,  tandem  seating,  articvilated  seats,  progressively 
collapsible  seats,  lap  belt  and  shoulder  harnesses. 

The  details  associated  with  the  structures  that  are  used  in  the  design 
of  general  aviation  airplanes  can  differ  substantially.  In  addition,  th, 
amalytlcal  techniques  that  are  available  to  model  structure  vary  widely  in 
their  requirements  with  regard  to  describing  and  treating  structural 
behavior.  Consequently,  a comprehensive  discussion  encompassing  all  types 
and  configurations  is  Impractical.  However,  it  is  Important  to  recognize 
that  the  salient  characteristics  of  structures  that  need  to  be  represented 
include  failure  load,  failure  mode  energy  absorption  and  deformation. 
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The  ability  to  properly  represent  these  items,  regardless  of  which  analytical 
technique  is  used,  will  facilitate  the  development  of  improved  structural 
crashworthiness  via  analytical  modeling.  For  example,  as  noted  earlier  in 
this  section,  engine  moiants  are  generally  either  a tubular  arrangement  or 
a keel  arrangement.  Figure  1-2  Illustrates  one  such  arrangement  for  each 
of  these  two  types.  The  structural  characteristics  for  these  two  arrange- 
ments will  differ  and  consequently  the  modeling  requirements  will  have  to 
satisfactorily  represent  their  behavior  if  a reasonably  accurate  assessment 
of  occupant  survivability  is  to  be  performed.  The  failure  of  the  tubular 
structure  (Figure  1-2  (a))  may  likely  be  through  dynamic  instability  which 
will  occxir  at  a load  which  is  substantially  below  the  yield  stress.  Where 
failure  through  elaustic  instability  occurs  the  load  carrying  capability  of  the 
structural  element  tends  to  decrease  rapidly  as  deflection  increases  once 
the  failure  load  has  been  reached.  This  type  of  failure  will  result  in 
little  energy  being  absorbed.  A math  model  to  describe  this  behavior  shoifLd 
be  able  to  account  for  the  critical  buckling  load,  the  deflection  at  which 
buckling  occurs  and  the  characteristics  of  load  versus  deflection  in  the 
post  failure  region. 

The  keel  mount  arrangement  shown  in  Figure  1-2  (b)  can  be  expected  to 
behave  differently  than  the  tubular  mount  arrangement.  The  mount  structure 
for  this  situation  is  more  an  integral  i)art  of  the  fuselage.  The  deforma- 
tion of  this  structure  will  involve  more  crushing  of  structure  and  as  such 
the  load-stroke  curve  can  be  expected  to  show  more  plastic  deformation  in 
the  post-failure  region.  The  failure  behavior  of  this  structure, as  well  as 
the  structure  to  which  it  attaches^ are  to  be  described  if  an  analytical 
ai>proach  is  to  be  successful.  The  accuracy  of  predicting  structural  behavior 
dejjends  entirely  on  the  validity  of  data  that  is  available  as  well  as  the 
accuracy  that  is  required  for  the  intended  purpose  of  using  the  results. 

Detail  design  considerations  may  require  finite  representations  of  critical 
regions.  On  the  other  hand,  preliminary  designs  may  benefit  from  a descrip- 
tion of  an  aircrsift's  gross  behavior  during  a crash  since  the  data  that  is 
being  used  is  also  gross  in  the  sense  that  only  concepts  and  sizing  are 
available  at  the  time  of  the  analysis. 
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MOUNTS 
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(a)  TUBULAR 


(b)  KEEL 


Figure  1-2.  Two  lypical  Engine  Mount  Arrangements 
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SECTION  2 
CRASH  ENVIRONMENT 

2.1  INTRODUCTION 

The  purpose  of  this  section  is  to  provide  data  which  is  pertinent  to 
describing  the  crash  environment  for  light  fixed-wing  general  aviation 
airplanes.  Since  the  airplanes  vary  widely  with  regard  to  mission  require- 
ments, operational  speeds,  operating  weights,  accommodations,  and  structural 
configiiration  it  is  importeuit  that  the  description  of  the  crash  environment 
take  these  factors  into  consideration.  Ideally  it  is  desirable  to  have  the 
occui>ants  siirvive  for  all  accident  conditions,  including  those  that  occ\ir 
at  maximum  operating  speeds.  However,  from  a practical  viewpoint  it  may  not 
be  possible  to  achieve  such  a high-velocity- impact  capability,  without 
unduly  penalizing  the  vehicle  with  added  weight.  Therefore,  it  is  iii5)ortant 
that  the  structure  be  desigjned  to  specified  accident  levels  which  have  not 
only  a high  probability  of  occurring  but  also  have  a high  potential  to 
cause  serious  or  fatal  injuries.  Consequently,  the  discussions  in  the 
following  subsections  describe  the  different  airplane  configurations,  their 
operating  conditions  and  probable  accident  conditions  associated  with  each 
type. 

2.2  AIRPLANE  OPERATIONAL  SPEEDS 

Light  fixed-wing  general  aviation  airplanes  are  designed  with  opera- 
tional speeds  which  are  commensurate  with  their  mission  requirements  and 
operating  weights.  Table  1-3  and  Figure  1-1  show  the  range  of  stall  and 
cruise  speeds  associated  with  airplane  configuration,  takeoff  weight, 

and  usage. 
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2.3  AIRPLAME  CATEGORIES 


There  are  several  significant  factors  associated  with  airplane  design 
and  use  which  have  an  Influence  on  the  occui)ant*s  chances  for  survival 
during  a crash.  These  factors  are  discussed  in  Section  1.0.  Different 
airplane  categories  have  been  established  as  are  shown  in  Table  1-^. 

Since  not  all  airplanes  can  be  expected  to  be  exposed  to  the  same  crash 
environment,  the  separation  by  category  provides  an  opportunity  to  develop 
improved  crashworthiness  designs  in  a meaningful  and  effective  manner. 

Figure  1-1  shows  the  range  of  weights  (maximum  takeoff)  and  operating  speeds 
(cruise  emd  stall)  which  are  related  to  current  general  aviation  airplanes. 
The  relationship  of  the  different  categories  to  these  parameters  is  also 
noted.  In  addition  the  boundary  of  cruise  and  stall  speed  are  shown  with 
solid  lines.  The  crash  environment  representative  of  probable  accident 
conditions  for  the  different  airplane  categories  falls  somewhere  between 
these  two  lines. 

2,U  ACCIDEMT  DATA 

Accident  data  for  light  fixed-wing  airplanes  is  compiled  principally 
by  the  National  Transportation  Safety  Board  (NTSB)  in  Washington  D.C.  and 
by  the  FAA  Civil  Aeromedical  Institute  (CAMi)  in  Oklahoma  City.  CAMI  data 
generally  covers  only  a selected  number  of  accidents  that  occur  mostly  in 
the  states  of  Oklahoma,  Texas  and  Kansas.  In  addition  to  these  two 
primary  sources  of  accident  data,  some  individual  states  compile  accident 
records.  Pertinent  studies  have  been  performed  using  NTSB,  CAMI,  and/or 
other  available  accident  records  and  are  reported  in  References  (l)  through 
(5). 

2.U.1  CAMI  Data 

Selected  crashworthiness  data  from  CAMI  investigations  of  general 
aviation  accidents  are  available  in  published  form  (References  1 and  2). 

The  CAMI  accident  records  contain  the  following  data,  if  available; 

o Alrpleuie  make  and  model 


y 
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o Type  of  conditions  under  which  an  accident  occurred  (i.e.  agricul- 
tureil  mission,  stall  on  turn,  faulty  engine,  obstacle  impact) 

o Impact  angle 

o Post  crash  behavior 

o Stopping  distance 

o Structural  damage  including  approximate  cabin  volume  distortion 
o Use  and  failure  of  seat  belts  and  harnesses 
o Number  of  occupants  involved 
o Occiqpant  injuries  and/or  fatalities 
o Caiase  of  injuries/fatalities 

In  Reference  7,  a review  and  evaluation  of  l8  CAMI  accident  cases  was 
performed  and  the  resiilts  are  presented  in  Table  2-1.  The  data  shows  the 
distribution  of  accidents  by: 

o Phase  of  operation 

o Type  of  accident 

o Angle  of  impact 

o Presence  of  roll/yaw 

and  the  frequency  of  occurrence  and/or  degree  of: 
o Cabin  damage 
o Structure  damage 
o Impact  with  controls 
o Seat  failures 
0 Injuries 
o Lap  belt  failures 

Although  limited  to  l8  accidents,  the  results  are  consistent  with  results 
obtained  from  much  broader  surveys  (l,  2,  U and  5).  Unfortunately, 
accident  records  rarely  provide  quantitative  data,  other  than  the  angle 
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TABLE  2-1  RESULTS  OF  SELECTED  CAMI  ACCIDENT  DATA  (REFERENCE  7) 


Frequency  of  Occurrence 

Damage,  Failures,  Injuries 

Phase  of  Operation 

Cabin  Damage 

Takeoff 

4 

Intact,  None 

4 

/ ■>  Landing 

Cruise 

4 

Minor,  Moderate 

8 

8 

Substantial,  Destroyed 

6 

Aerial  Application 

2 

Structure  Damage 

Type  of  Accident 

Intact,  None 

0 

Stall 

3 

Minor,  Moderate 

7 

Ground/Water  Impact 

5 

Substantial,  Destroyed 

11 

Contact  w/tree/object 

5 

Landing  Short 

1 

Impact  with  Control  Panel/Khobs 

Side  of  Hill 

2 

Yes 

No 

15 

1 

Miscellaneous 

2 

Angle  of  Impact  (degrees) 

I5i  known 

2 

0-10 

4 

Seat  Failures 

11-20 

21-30 

31-'+5 

46-90 

5 

1 

3 

4 

Yes 

No 

Ui  known 

9 

3 

6 

Uh known 

1 

Injuries  (Total) 

Roll/Yaw  Attitude 

Fatalities 

15 

Significant  Roll/Yaw 
Slight  or  No  Roll /Yaw 
Overturn 

3 

9 

2 

Serious  and/or  Critical 
Moderate 

Minor,  None 

15 

6 

4 

Uh known 

4 

Lap  Belt  Failures  (TOTAL) 

Terrain 

Yes 

6 

27 

Hard  Soil 

7 

No 

Grassy  Land 

4 

unknown 

7 

Water 

1 

Mud/ Swamp 

2 

Trees 

1 

Mountalnous/hllly 

2 

Unknown 

1 

(a)  Generally  impact  occurs  with  tree,  object,  or  ground, 
due  to  bad  weather  or  stall. 
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of  Impact,  which  can  be  related  to  the  Impact  condition  such  as  velocities, 
altitudes,  and  roll  rates.  It  is  important  to  note  from  the  data  in  Table  2-1 
that  in  13  of  the  17  cases  (77.7^),  wherein  data  is  available, the  impact 
angle  is  degrees  or  less. 

2.4.2  NTSB  Data 

NTSB  accident  records  encompass  a much  larger  number  and  wider  range 
of  accidents  than  do  the  CAMI  investigations.  This  data  is 
available  on  tape  by  calendar  year.  An  aircraft  accident  analysis  request 
form  for  using  NTSB  data  includes  the  following  items: 

o Airplane  and  accident  Identifying  and  general  information  (location, 
make,  model,  phase  of  operation) 

o Emergency  conditions  (weather  data,  airport  information) 

o Flight  itinerary  (departiure,  enroute,  destination) 

o Accident  site/pilot  data  (terrain,  pilot  statistics) 

o Cause/factor 

o Medical  factor 

o Injuries  (pilot,  copilot,  crew,  passengers) 
o Remarks , caiise 
o Englne-proi)eller  failure  data 
o Weather  at  the  accident  site 
o Plight  crew  data 
o Human  factors  information 
o Fire  information 
o Administrative  data 

o Aerial  application  data  (applicable  to  agricultural  airplanes  only) 
o Collision  between  aircraft  information 
o Ditching  survival  information 
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The  amount  of  information  potentially  available  is  large.  However,  the 
nature  of  creish  accident  investigation  reports,  which  are  usually  an  after- 
the-fact  gathering  of  data,  rarely  results  in  a complete  set  of  data  being 
available  in  an  accident  record.  Furthermore,  much  of  the  data  contained  in 
the  NTSB  data  tape  is  pertinent  to  other  than  structural  crashworthiness 
considerations  (e.g.  fire  hazards,  biomechanics,  engine  failiare  data).  As 
part  of  the  effort  described  in  Reference  7 a digital  computer  program*  was 
developed  which  searches  and  obtains  selected  data  from  the  NTSB  tapes  which 
are  applicable  to  the  development  of  a crash  environment  design  criteria. 
Details  of  this  program  including  a description,  sample  problem  and  listing 
are  provided  in  Reference  7.  Briefly  stated  the  accident  data  program 
provides  the  following: 

o A printout  of  the  available  data  from  the  accident  reports  for  a 
particular  airplane  Including  date,  aircraft  make,  model  and  damage, 
kind  of  flying,  type  of  accident,  phase  of  operation.,  cause/factor 
injury  index,  qualitative  assessments  of  impact  severity,  rate  of 
deceleration,  damage  severity,  and  data  regarding  stopping  distance, 
direction  of  principed.  deceleration,  seat  belt  failures  and  death 
due  to  fires,  if  available.  A sample  printout  of  a modified  accident 
report,  obtained  from  NTSB  tapes,  is  shown  in  Figure  2-1. 

o A summary  of  accident  data  by  airplane  model  for  each  year.  Deriv- 
atives of  a model  are  combined  (i.e.  Cessna  Model  150  includes  150, 

A150,  A150K,  etc.).  Included  in  the  summary  are  airplane  manufac- 
turer and  model  designations,  year,  general  Information  (number  of 
accidents  and  occupants  involved,  number  of  accidents  with  fatalities 
and  injuries),  totals  of  injuries,  flight  conditions,  and  accident 
types,  Inpact  conditions,  aircraft  cabin  accommodations  and  impact 
area  (terrain). 

o A summary  of  accident  data  for  all  airplanes  for  a given  year  or 

period  of  years.  The  format  of  the  data  for  this  summary  is  the 

same  as  for  the  individual  airplane  summary.  A sample  of  this 
output  is  shown  in  Figure  2-2. 

The  NTSB  accident  summary  for  1971-73  included  a survey  of  accidents. 

All  8,491  accidents  were  surveyed.  Of  this  total,  8,030  (95^)**  involved 
airplane  models  that  were  used  to  establish  the  different  airplane  categories 
presented  in  Table  2-4.  The  data  was  reviewed  with  regard  to  the  potential 
for  an  occupant  fatality  to  occur  (for  accidents  in  which  at  least  one 
injury),  the  distribution  of  accidents  by  terrain  conditions,  the  total 
number  of  occupants  involved,  the  total  number  of  fatalities  and  the  total 


* The  program  was  developed  by  the  Cessna  Aircraft  Comi)any. 

**  46l  foreign  manufactured  airplanes  marketed  or  assembled  by  domestic 
firms  are  not  included. 
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Figxire  2-1,  Individual  Airplane  Output  Format,  HTSB  Data 
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NOTE  — other  is  sum  OF  ALL  ACCEPTABLE  PHASES  AND  TYPES  EXCEPT  THOSE  LISTED 


total  number  of  accidents  which  record  impact  angles 


Figure  2-2.  (Continued) 


AIRCKAFT  CABIN  ACCOMMODATIONS 


BBI'AVAlimi'COPY 


111  FERCENT  IS  RATIO  OF  PARTICULAR  TERRAIN  TO  NUMBER  OF  ACCIDENTS  SCREENED 


CAUSE  / FACTCA  grand  SUMHARV 


MATERIAL  FAILURE  13  262 


i 


number  of  accidents.  To  facilitate  the  evaluation  two  ratios  were  estab- 
lished. The  first  ratio  (Ratio(No.l)ls  for  all  phases  of  operation  and 
accident  types  and  relates  the  total  number  of  fatalities  to  total  number 
of  occupants  involved  in  all  of  the  accidents  surveyed.  This  ratio  is 
defined  below  as: 

, . total  number  of  fatalities 

Ratio  ^ o.  ; » total  number  of  occupants 

The  second  ratio  (Ratio(No.2)  defines  the  number  of  fatalities  relative  to 
the  ntimber  of  occupants  involved  for  a particular  accident  type  for  those 
accidents  involving  an  injury.  The  data  is  presented  for  the  stall,  the 
collision  with  ground/water,  and  the  collision  with  obstacle  accident  types, 

Ctio  2)  number  of  fatalities /number  of  accidents 
Ra  o (,  . ; ■ occupants/number  of  accidents 

■ (number  of  fatalities/number  of  occupants)  (for  a 
particular  accident  type) 

Obviously,  larger  airplanes  which  carry  more  passengers  will  have  a higher 
ratio  of  fatality/accident  than  the  smaller  airplanes.  In  dividing  by  the 
number  of  occupants  involved  for  each  particular  accident  type  a more 
rational  manner  of  compeuring  different  size  and  weight  airplanes  on  an 
equal  basis  can  be  utilized.  Both  ratios  are  intended  to  give  an  indication 
of  the  potential  of  fatality  for  an  occupant  for  each  category  of  airplane 
as  well  as  for  all  the  airplanes  combined. 

Table  2-2  presents  a summaury  of  the  distribution  for  the  terrain 
conditions  in  which  light  fixed-wing  airplanes  8u:e  involved.  It  is  based  on  a 
sampling  of  alrplcmes  for  the  three  categories  for  which  the  majority  of 
accident  data  is  available  (categories  1,  2 and  4).  Although  the  distri- 
bution of  accident  terrain  conditions  varies  somewhat  for  the  different 
airplane  conflgxiratlons,  the  trend  is  generally  consistent  in  the  order  of 
occu2*rence.  Single-engine  airplanes  have  accidents  in  rolling,  mountainous 
and  hilly  terrains  somewhat  moi*e  often,  percentage-wise,  than  do  the  twin- 
engine  airplanes.  This  undoubtedly  is  associated  with  the  differences  in 
primary  usages. 
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TABLE  2-2  SUI-21AEY  OF  TERRAni  COIIFIGURATIOIJS  FOR  ACCIDETITS  (HTSB  DATA  1971  THROUGH  1973) 
(REFERENCE  7) 
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Considering  all  airplanes,  accidents  occur  on  level,  flat  terrain  in 
approximately  U6^  of  the  accidents.  Accidents  occur  in  rolling,  mountainous 
or  hilly  terrain  in  approximately  of  the  accidents,  while  trees  or  city 
areas  are  Involved  in  11^  of  the  accidents. 

Table  2-3  provides  a summary  of  the  accident  data  using  the  different 
categories  of  accidents,  the  accident  data  pertinent  to  the  models  within 
each  of  categories  and  the  two  ratios  described  earlier.  The  data  for  all 
the  airplanes  indicates  that  ratio  (l)  » .14?  and  ratio  (2)  » .455>  .707 
and  .39  for  stall,  collision  with  ground/water  and  collision  with  obstacle 
type  accidents,  respectively.  The  more  crashworthy  airplanes,  whether  it 
be  due  to  the  structural  design  or  the  crash  environment,  should  show  lower 
ratios  than  the  composite  of  all  airplanes.  The  smaller  lighter  weight 
airplanes  and  agricultural  airplanes  generally  do. 

The  data  presented  in  Table  2-3  Indicates  that  the  most  probable 
accident  for  the  lighter  weight  airplanes  (<2500  pounds)  is  a stall  condition. 
The  heavier  weight  airplanes  (>2500  pounds)  experience  accidents  which  occur 
at  higher  speeds  and  are  classified  as  collisions  with  ground  or  water.  This 
particular  type  of  accident  can  be  either  of  a controlled  or  uncontrolled 
nature  end  the  NTSB  information  does  not  provide  sufficient  data  with  which 
to  define  the  crash  conditions.  Miscellaneous  accident  types,  such  as  a 
hard  landing,  imdershoot,  overshoot,  ground  swerve,  generally  do  not  result 
in  fatalities.  For  the  1971-73  NTSB  data  review  less  than  5 percent  of  the 
occupants  Involved  in  these  types  of  accident  received  fatal  injuries.  This 
is  extremely  low  by  comparison  to  the  overall  average  of  45.5%,  70.7%  and 
39%  respectively,  for  the  three  major  accident  types  shown  in  Table  2-3. 

From  the  data  shown  in  Table  2-3,  of  the  three  major  accident  types,  the 
most  survlvable  appears  to  be  an  accident  which  is  initiated  by  contact 
with  some  obstacle.  Possibly  one  reason  for  this  is  that  this  type  of 
accident  occurs  at  speeds  much  lower  than  the  airplane's  maximum  operating 
level  (l.e.  near  landing,  takeoff,  low  altitude  flying)  and  that  the  pilot 
has  sufficient  time  to  react  and  control  the  airplane's  descent  to  the 
ground.  The  most  devastating  accident  for  the  occupants  is  the  collision 
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TABLE  2-3.  SUIllARY  OF  ACCIDEOT  DATA  EVALUATION  (NTSB  DATA  I97I  THROUGH  1973 )( REFERENCE  7) 


with  ground.  With  the  exception  of  an  agricultural  airplane,  at  least  70 
percent  of  occupants  that  are  involved  in  this  type  of  accident  sustain  a 
fatal  injury.  While  collisions  with  ground  represent  a wide  range  of 
accidents  (e.g.  forced  landings,  bad  weather,  misjudged  altitude  and/or 
clearance)  it  can  be  assumed  that  they  generally  occur  at  speeds  in  excess 
of  stall  speed  and  possibly  as  high  as  the  cruise  speed. 

The  agriculture  airplanes  (Category  3)  which  have  a takeoff  weight 
comparable  to  that  of  the  single-engine  airplanes  used  primarily  for 
business,  utility,  commuter  and  cargo  purposes  (Category  2),  demonstrate 
considerably  more  crashworthiness  capability  for  all  the  three  major 
accident  types.  Factors  that  most  likely  account  for  this  difference  sure: 

o Agricultural  airplanes  are  designed  with  specific  crashworthy 
features  (overturn  pylon,  long  fuselage,  harness,  isolated 
cockpit)  that  are  compatible  with  their  mission. 

o Agriculture  airplanes  may  crash  under  more  controlled  conditions, 
'usually  after  hitting  some  obstacle. 

o The  pilots  of  agricultural  airplanes  generally  are  more  experienced 
in  emergency  conditions  than  the  average  general  aviation  pilot. 

While  the  agricultural  airplanes  provide  a greater  chance  of  occupant 
survivability  during  a crash,  the  pilot  will  sustain  a fatal  injury  in 
about  30  percent  of  the  accidents  in  which  injuries  occur. 

The  data  presented  in  Table  2-3  indicates  that  benefits  due  to  in^jrove- 
ments  in  crashworthiness  design  for  the  twin-engine  airplanes  may  provide 
the  biggest  payoff  in  reducing  the  degree  of  severe  or  fated,  injuries  that 
are  sustained  relative  to  the  number  of  people  involved.  However,  on  an 
absolute  beisls  there  have  been  substantially  more  fatalities  in  single- 
engine  airpleuie  accidents  than  in  twin-engine  airplanes  because  there  are 
substantially  more  single-engine  airpleuies  in  operation.  Therefore,  from 
a life  saving  point  of  view,  if  a priority  is  to  be  Mslgned,  emphasis 
should  be  placed  on  upgrading  the  crashworthiness  characteristics  of 
single-engine  airplanes. 


Table  2-U  sets  forth  the  accident  data  for  the  categories  wherein  a 
distinction  is  made  between  a low-wing  configuration  and  a high-wing 
configuration  and  indicates  that: 

• For  the  lighter  weight  single-engine  airplanes  (<2500  pounds), 
the  high-wing  airplane  configuration  has  a higher  incidence  of 
fatalities  for  a stall  type  accident  than  the  low-wing  airplane 
configuration . 

• For  the  higher  weight  single-engine  airplanes  (2500-4000  potinds), 
the  low-wing  airplane  configuration  has  a higher  incidence  of 
fatalities  for  a stall  type  accident  than  the  high-wing  configuration. 

• The  heavier  weight  low-wir.g  single-engine  airplanes  (2500-4000 
pounds)  experience  a higher  number  of  fatalities  in  accidents 
involving  impact  with  an  obstable  than  do  the  high-wing  airplanes. 

• All  other  comparisons  by  accident  types  for  high -wing  and  low-wing 
single-engine  airplanes  show  approximately  ^10  percent  variation 
from  the  average  of  both . 

• The  comparison  of  the  number  of  fatalities  by  accident  types  for 
twin-engine  high-wing  and  low-ving  airplanes  are  generally  within 
j^lO  percent  of  their  average  except  for  the  case  of  impact  with  an 
obstacle.  However,  the  sample  of  this  type  accident  in  the  data 
bank  for  the  twin-engine  high-wing  airplane  is  inadequate  for  a 
true  comparison. 

Ratio  No.  2 (Table  2-3)  is  used  in  an  effort  to  provide  a level  of 
severity  of  an  accident  by  only  including  accidents  in  which  injuries  occur. 
Accordingly,  the  data  does  not  indicate  the  chances  of  survival  in  all 
accidents.  This  ratio  indicates  that  "collision  with  the  ground"  consistently 


results,  except  for  the  agricultural  airplanes,  in  a high  fatality  rate.  The 
[ impact  velocities  associated  with  this  type  of  accident  are  higher  and  will 

i 


require  the  absorption  of  a greater  amount  of  energy  than  that  of  the  stall 
and  the  obstacle  collision  types  of  accidents. 
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SECTION  3 


OCCUPANT  INJURY  ASSESSMENT  AND  PROTECTION 


3.1  INTRODUCTION 

The  purpose  of  this  section  is  to  provide  basic  information  for  the 
designer  with  regard  to: 

• Human  tolerance  to  abrupt  acceleration 

• Available  data  and  indices  for  assessing  occupant  injury  and/or 
survivability 

• Available  crash  survival  design  criteria  for  the  occupants 
immediate  environment 

• Available  literature  on  the  subject 

The  data  presented  in  this  section  has  been  obtained  from  the  literature, 
namely  References  (l)  and  (2).  The  information  contained  in  this  section 
has  been  edited  for  purposes  of  this  document  with  the  intent  of  presenting 
,a  general  overview  of  human  tolerance  factors  and  available  techniques  for 
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"assessing  occupant  injury.  A comprehensive  set  of  background  data  and 
reference  material  is  available  in  Reference  1.  While  a great  deal  of 
effort  has  been  expended  in  the  field  of  biodynamics  and  general  guidelines 
have  been  established,  there  is  still  much  more  valuable  data  that  can  be 
expected  in  the  future. 

The  following  discussions  pro-vlde  general  concepts  which  are  applicable 
to  different  airplane  configurations.  However,  the  details  for  achieving 
a satisfactory  degree  of  protection  depend  on  the  specific  airplane  and 
crash  condition. 

3.2  HUMAN  TOLERANCE  TO  ABRUPT  ACCELERATION 

The  problem  of  providing  acceptable  acceleration  limits  in  the  design 
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for  the  sxarvivabllity  of  occupants  is  coii5)lex  and  involves  the  ability  to 
determine  and  measure  the  dyneunic  relationship  between  the  structural  system 
(airframe  and  restraint  system)  and  the  human  system  (occupant).  Data  which 
is  used  to  establish  present  criteria  requires  improvement  in  the  following 


• Definition  of  the  dynamic  response  of  the  restraint  system  to 
ascertain  the  influence  on  the  occupant  acceleration  levels. 
Current  criteria  are  based  on  acceleration  measiirements  at  the 
seat  and  not  on  the  subject, 

• Improved  modeling  of  the  human  system  to  account  for  the  critical 
body  modes.  Data  in  this  regard  is  limited  and,  consequently, 

so  is  verification  of  analytical  methods  with  experience. 

The  faxjtors  that  affect  human  tolerance  are: 

• Occupant's  posture,  position  and  direction  relative  to  the 
acceleration  forces,  and  the  manner  in  which  the  occupant  is 


restrained. 

• Magnitude  and  duration  of  applied  force 

• Rate  of  onset  of  the  applied  force 

• Direction  of  the  applied  force 

3.2.1  Body  Restraint 

The  method  of  body  restraint  has  a major  effect  on  human  tolerance 
and,  of  all  the  factors  affecting  human  tolerance,  is  the  easiest  to  control. 
The  effectiveness  of  the  restraint  system  is  dependent  upon  the  area  over 
which  the  total  force  is  distributed,  the  location  on  the  body  at  which  the 
restraint  is  applied,  and  the  degree  to  which  it  limits  residual  freedom 
of  movement.  The  greater  the  contact  eirea  between  the  body  and  the  restraint 
system,  the  greater  the  human  tolerance.  The  restraint  system  should  be 
located  on  the  body  at  those  points  which  are  best  able  to  withstand  the 
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loads  exerted  by  the  decelerative  force  and  which  are  best  able  to  distri- 
bute further  the  force  to  the  remainder  of  the  body.  These  points  are 
primarily  the  pelvic  girdle  and  the  shoulder  structure.  An  additional 
restraint  around  the  rib  cage  has  also  been  shown  to  increase  tolerance 
to  spineward,  eyeballs-out  (-0^^)  accelerations.  Restraint  systems  located 
over  soft  tissue  tend  to  be  much  less  effective,  often  resulting  in  crushing 
of  the  viscera  between  the  restraint  system  and  bony  structures.  Residual 
freedom  of  movement  should  be  limited  to  an  absolute  minimum  consistent  with 
the  necessary  comfort  and  movements  required  by  the  duties  of  the  occupant. 

When  restrained  only  by  the  lap  belt,  the  occupant's  tolerance  to 
abrupt  acceleration  is  relatively  low.  In  forward- facing  seats,  a long- 
itudinal impact  will  cause  a rotation  of  the  upper  torso  over  the  belt,  a 
whipping  action  of  the  head,  and  often  impact  of  the  upper  torso  on  the  legs, 
resulting  in  chest  injuries.  Head  injuries  due  to  impacts  with  the  surrounding 
environment  are  also  very  common  for  occupants  restrained  only  with  lap  belts. 
When  longitudinal  forces  are  combined  with  a vertical  component,  there  is  a 
tendency  for  the  occupant  to  slip  under  the  belt  (submarine)  to  some  degree. 
This  can  place  the  belt  up  over  the  abdomen.  The  longitudinal  component  of 
the  pulse  then  causes  the  upper  torso  to  flex  over  the  belt,  with  the  re- 
straining force  concentrated  at  some  point  on  the  spine  and  not  on  the  pelvic 
girdle.  In  this  configuration,  tolerance  is  extremely  low. 

A conventional  lap  belt  and  shoulder  harness  configuration  greatly 
reduces  injuries  from  head  impacts  and  helps  to  maintain  proper  spinal 
align,  “nt  for  strictly  vertical  impact  forces.  This  configuration  is 
unsat. » .tictory,  however,  for  impacts  with  both  vertical  and  longitudinal 
components.  Pressure  by  the  upper  torso  against  the  shoulder  straps  causes 
these  straps  to  pull  the  lap  belt  up  into  the  abdomen  and  against  the  lower 
margin  of  the  rib  cage.  This  movement  of  the  lap  belt  allows  the  pelvis  to 
move  forward  under  the  lap  belt,  causing  severe  flexing  of  the  spinal  column. 

In  this  flexed  position  the  vertebrae  are  very  susceptible  to  anterior 
compression  fractures.  A lap-belt  tie-down  strap  prevents  raising  of  the 
lap  belt  by  the  shoulder  harness  and  nearly  doubles  the  tolerance  to  iii5)act 
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forces 


The  amount  of  slack  in  the  restraint  system  can  affect  tolerance  to 
a given  acceleration  pulse.  In  general,  the  more  rigid  the  link  between 
the  occupant  and  the  seat,  the  greater  the  occupant's  tolerance  to  an 
abrupt  acceleration.  A loose  restraint  system  can  result  in  the  occupant 
receiving  a magnification  of  the  accelerative  force  applied  to  the  seat. 

The  inertia  of  the  occupant  will  cause  him  to  maintain  a near  constant 
velocity,  independent  of  the  decreasing  velocity  of  the  seat,  until  the 
slack  in  the  restraint  system  is  taken  up.  As  this  point  is  reached,  the 
velocity  of  the  occupant  is  abruptly  reduced  to  that  of  the  seat  at  rela- 
tively high  G levels,  even  exceeding  that  of  the  seat.  This  is  often  re- 
ferred to  as  "dynamic  overshoot."  Dynamic  overshoot  is  a complex  phenomenon 
involving  the  elasticity,  geometry,  mass  distribution,  and  thus  the  natural 
frequency  of  the  occupant  restraint  and  seat  system. 

3.2.2  Magnitude,  Duration,  Rate  and  Direction 

Reference  (3)  provides  a comprehensive  survey  of  the  literature  regard- 
ing the  subject  of  human  tolerance  to  rapidly  applied  eu:celerations.  The 
Information  presented  in  this  report  is  often  used  as  a basis  for  relating 
the  crash  environment  to  human  tolerance  levels.  The  acceleration  peaks, 
durations  and  rates  of  acceleration  onset  for  various  directions  of  accel- 
eration are  summarized  in  Tabla  3-1.  Curves  showing  duration  versus 
magnitude  and  acceleration  rates  for  load  applied  in  the  four  directions 
noted  in  Table  3-1  are  available  in  References  1 euid  3. 
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TABLE  3-1.  SIWMARY  OF  HUMAN  TOLERANCE  LEVEIB  FOR  PEAK  VALUES, 
DURATION  AND  RATES  OF  ACCELERATION  (REFERENCES  1 and  3) 


Acceleration'  ' 
Direction 

Voluntary  Humeui 
Exposure 

Human  Tolerance 

Limit 

Rate  of 
Acceleration 
Onset  (g/sec) 

Peak 

Acceleration 

(g) 

Duration 

(second) 

Peak 

Acceleration 

(g) 

Duration 

(second) 

Sternumward  (fwd) 

35 

.01* 

83 

.04 

1150 

45 

.10 

Spineward  (aft) 

it5 

s.oM* 

45 

.10  (b) 

600  (b) 

25 

.20 

Headward  (up) 

16 

S.04 

25 

.10 

115 

Tailward  (down) 

10 

.01 

15 

.01 

80 

Lateral  (side) 

12-20 

.1 

(a)  The  direction  of  the  acceleration  forces  obtained  from 
Reference  (l)  is  presented  in  Figure  3-1. 

(b)  For  extremely  short  durations  (i.e.  free  falls)  onset  rates 
of  28000  g/sec  are  tolerable. 

■■■■-"  ' " — ' a:^=aBa"  7 ' 


HEMWARD 


tHaCTIOB  OF  DECELESATIVi: 

FOBCE 

VBglCAL 

HMdw&rd  - ^eballs  down 

^llvard  - Eyaballa  up 

TRAIBVEtSE 

lateral  Rl^t  - E^aballa 
left 

lateral  Left  - E^aballa 
right 

Back  to  Cheat  - I^eballa 
In 

Cheat  to  Back  - E^eballa 
out 

Sote; 

The  deeeleratlve  force  on 

the  body  acta  In  the  aase 

direction  aa  the  arrova 


Figure  3-1.  Decelerative  Forces  On  The  Body  (Reference  l) 
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The  data  presented  in  Table  3-1  is  for  tolerance  levels  which,  if 
exceeded,  could  result  in  serious  injury  and  are  based  on  the  occupant  re- 
strained with  the  maximum  support  (i.e.  lap,  shoulder,  thigh  and  chest  straps). 

From  the  data  presented  in  Table  3-1  it  can  be  seen  that  human  tolerance 
to  abrupt  accelerations  varies  significantly  with  respect  to  the  direction 
in  which  the  force  is  applied  to  the  body.  The  body  is  able  to  withstand 
much  more  force  when  this  force  is  applied  perpendicular  to  the  long  axis 
of  the  body  in  a forward  or  backward  direction  (G^)  than  when  applied 
parallel  to  the  long  axis  (G^).  Human  tolerance  to  loads  applied  laterally 
(Gy)  has  not  been  fully  explored. 

* Accelerative  forces  can  be  generally  divided  into  the  tolerable,  injur- 
ious, and  fatal  ranges  according  to  their  effect  on  the  body  as  shown  in 
Figure  3-2. 
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Animal  Experiments  and  Accident  Experience 


Figure  3-2.  Range  of  Accelerative  Forces  (Reference  l) 
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Figure  3-2  shows  that  forces  in  the  tolerable  range  are  such  that  minor 
trauma  such  as  abrasions  and  bruises  may  occur  bit  the  subject  is  not 
incapacitated.  Forces  in  the  injurious  range  cause  moderate  to  severe 
trauma  which  may  or  may  not  incapacitate  the  subject,  and  survival  is  in- 
sured with  prompt  medical  care.  This  reuige  appears  to  be  compatible  with 
the  tolerance  data  discussed  previously.  Forces  in  the  fatel  range  cause 
nonsurvivable  trauma. 

The  tolerance  data  presented  in  Figure  3-1  shows  that  rolerance  is  a 
function  not  only  of  the  acceleration  level  and  rate  of  application  but 
also  of  duration.  For  this  reason,  it  is  not  possible  to  completely  define 
tolerance  in  terms  of  a single  G value  and  duration.  Several  methods  for 
evaluating  severity  of  environments  in  terms  of  human  tolerance  have  been 
developed  for  use  as  indicators.  The  methods  involve  calculating  a number 
through  mathematical  treatment  of  several  variables  and  then  empirically 
relating  the  number  to  human  injury.  This  number  is  then  referred  to  as  an 
injury  or  severity  index. 

3.3  SEVERITY  IiroiCES 

It  is  generally  useless  to  talk  of  impact  data  and  response  in  over- 
simplified parameters  because,  in  a mechanical  sense,  the  human  body  is  a 
complex,  nonlineer,  damped,  multi-mass  system.  As  such,  it  is  subject  to 
dynamic  response  in  any  of  its  many  modes  of  vibration.  This  means  that  the 
response  or  actual  acceleration  time  hlstorj'  experienced  by  the  body,  or  a 
portion  thereof,  may  differ  markedly  from  the  acceleration  time  input  to 
the  body  applied  at  the  point  of  Impact.  The  problem  has  been  to  define 
some  form  of  perameter  which  is  indicative  of  the  degree  of  severity  of  a 
particular  input  excitation.  Various  indicators  have  been  developed,  and 
two  are  discussed  herein. 


3.3.1  Weighted  Impulse  Criterion  (Gadd  Severity  Index) 


It  can  be  seen  from  human  tolerance  data  presented  in  Table  3-1  that 
high  forces  or  accelerations  can  be  tolerated  for  only  very  short  periods 
of  time  while  lower  values  of  these  quantities  can  be  tolerated  for  longer 
periods  of  time.  Figure  3-3  shows  this  relationship  for  brain  injury  in 
forehead  impacts.  It  illustrates  the  dependency  of  acceleration  tolerance 
upon  time  duration.  The  Society  of  Automotive  Engineers  has  accepted  the 
weighted  impulse  criterion  for  evaluating  the  injury  potential  of  an  impact. 
Under  this  criterion,  injury  potential  is  proportional  to  the  equation 


SI 
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where  SI  = severity  index 

a = acceleration  as  function  of  time 
n = weighting  factor  greater  than  1 
t = time 

t = initial  time 
o 

t = final  time 
s 


TIME  DURATION  OF  EFFECTIVE  ACCELERATION  - MSEC 

Figure  3-3.  Impact  Tolerance  For  The  Human  Brain  In  Forehead 
Impacts  Against  Plane,  Unyielding  Surfaces  (Reference  4) 
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Published  data  indicate  that  a weighting  factor  should  place  relatively 
greater  weight  upon  the  acceleration  than  upon  the  duration.  This  is 
particularly  true  of  skeletal  components,  which  are  less  viscoelastic  than 
soft  tissue.  The  index  may  be  obtained  graphically  by  dividing  the  time 
bare  of  the  acceleration-time  curve  into  sufficient  segments  to  define  the 
acceleration  curve.  The  G value  then  read  from  the  curve  for  the  center 
of  the  increment  is  raised  to  the  2.5  power,  and  the  result  is  multiplied 
by  the  time  increment.  The  sum  of  all  the  values  obtained  gives  the  sever- 
ity index.  A severity  index  sample  calculation  is  shown  in  Figure  3-^. 

Table  3-2  provides  samples  of  experimentally  obtained  injury  data 
relating  to  different  body  areas  and  shows  the  corresponding  severity  index 
limit.  These  data  are  for  discrete  points  and  cannot  be  used  to  extract 
tolerance  for  other  magnitudes  of  acceleration.  Continued  research  is  being 
accomplished  to  expand  the  application  of  the  severity  index;  however, 
existing  data  are  insufficient  for  predicting  chest  injuries  with  confidence. 

3.3.2  Dynamic  Response  Index  (PRI) 

The  human  response  to  short-duration  accelerations  applied  in  the  up- 
ward vertical  direction  parallel  to  the  spine  (+G^)  has  been  modeled  by  a 
single  lumped-mass,  damped-spring  system  as  shown  in  Figure  3-5.  In  this 
model  it  has  been  assumed  that  the  total  body  mass  that  acts  upon  the 
vertebrae  to  cause  deformation  is  represented  by  the  single  mass.  In  use, 
the  relationship 


or  <16 


H U> 


-6  = 


Z 


(3-2) 


is  solved  throi;igh  the  use  of  a computer.  The  third  term  is  representative 
of  the  deformation  of  the  spine  and  when  divided  by  g is  referred  to  as 
the  Dynamic  Response  Index  (DRI).  The  model  is  used  to  predict  the  maximum 
deformation  of  the  spine  and  associated  force  within  the  vertebral  column 
for  various  short-duration  acceleration  inputs.  The  properties  used  in  the 
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1 

0.001 

7 

130 

0.13 

2 

0.001 

18 

1,400 

1.  40 

3 

0.001 

23 

2,500 

2.50 

4 

0.002 

27 

3,800 

7,60 

5 

0.001 

33 

6,300 

6.30 

6 

0.001 

40 

10  ,000 

10.00 

7 

0.001 

38 

8,800 

8.80 

8 

0.001 

47 

15,000 

15.00 

9 

0.001 

75 

48,000 

'48.00 

10 

0.001 

30 

57,000 

57.00 

11 

0.001 

73 

46  ,000 

46.00 

12 

0.001 

56 

23,000 

23.00 

13 

0.001 

43 

12  ,000 

12.00 

14 

0.002 

37 

8,300 

16.60 

15 

0.002 

33 

6,200 

12.40 

16 

0.001 

27 

3,800 

3.80 

17 

0.001 

24 

2,800 

2.80 

18 

0.007 

20 

1,800 

12.60 

19 

0.001 

17 

1,200 

1.20 

20 

0.002 

10 

330 

0.66 

Severity  Index  287.79 

Figure  3-^.  Sample  Calculation  Of  A Severity  Index  (Reference  U) 
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model  were  derived  from  human  samples  or  tests.  The  spring  stiffness  was 
determined  from  tests  of  cadaver  vertebral  segments;  damping  ratios  were 
determined  from  measurements  of  mechanical  iTi5)edance  of  human  subjects 
during  vibration  and  impact. 


♦Dynamic  Response  Index 


2 

m = mass  (lb-sec  /in.) 

i - deflection  (in.) 

C = damping  ratio 

k = stiffness  (Ib/in.) 

z = acceleration  input 
(in ./sec2) 


*DRI  = 


2 , 
u 6 
n max 


' u = natural  frequency  of 
the  analog  = Vk/m 
(rad/sec) 

2 

g = 386  in. /sec 


Figure  3-5,  Spinal-Injury  Model  (Reference  6) 


A correlation  of  the  cumulative  probability  of  spinal  injury  versus 

(6) 

DRI  is  shown  in  Figure  3-6  ' \ In  this  figure,  the  cumulative  probability 
of  injury  is  plotted  against  DRI  for  both  cadaver  data  and  operational  data. 
It  is  seen  that  the  injury  probability  does  vary  with  the  DRI  but  that  the 
cadaver  data  show  a higher  probability  of  injury  than  do  the  operational 
data.  It  would  be  expected  that  the  intact,  living  vertebral  colxunn 
imbedded  in  the  torso  would  be  stronger  than  cculaver  segments;  consequently, 
this  result  might  be  predicted. 

The  Air  Force  has  adopted  a system  using  a combination  of  acceleration 
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as  a function  of  duration  and  the  DRI  for  establishing  acceptable  ejection 
seat  acceleration  environments.  In  specification  MIL-S-9^79A(USAr) , the 
acceleration  levels  to  be  imposed  on  the  seat  occupant  are  controlled  by  a 
combination  of  acceleration,  time,  and  DRI  as  shown  in  the  following 
relationship: 


Here  G and  are  measured  acceleration  magnitudes  in  the  X and  Y 

A Y 

directions  and  G„  , G„  , and  G are  the  limit  acceleration  parameters  as 

read  from  acceleration  versus  time  curves  also  included  in  the  specification, 
DRI^  is  the  DRI  computed  from  equation  3-^  for  the  positive  Z direction.  The 
computed  value  for  the  right-hand  term  of  equation  3-3  may  not  exceed  1. 

The  DRI  is  calculated  from  equation  3-2  with  model  coefficients  for 
the  positive  spinal  case  (eyeballs  down)  defined  for  the  mean  age  of  the 
Air  Force  flying  population  (age  27.9  years).  The  model  coefficients  eure 
as  follows: 


o)  =52,9  rad/sec 
n ' 

{ = 0.224 

The  DRI  has  been  shown  to  be  effective  in  predicting  spinal  injury 
potential  for  acceleration  environments.  Although  work  is  being  done 
to  apply  the  DRI  to  the  other  directions,  confidence  in  predictions  is 
hampered  by  difficulty  in  establishing  injury  threshold  because  of  the 
many  possible  modes  of  injury  and  variations  in  tolerance  to  these  modes. 

The  application  of  a severity  index  to  assess  occupant  injury  should 
be  weighed  with  regard  to  the  type  of  accident  that  is  involved.  For 
example  in  an  Impact  involving  large  longitudinal  forces  and  small  vertical 
forces,  the  DRI  is  of  little  value  since  it  is  applicable  only  to  vertebrae 
compression  type  injuries. 


A 
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CUMULATIVE  PROBABILITY  OF  INJURY 


TYPE  OF 

NUMBER  OF 

AIRCRAFT 

SUCCESSFUL  EJECTIONS 

T-37 

42 

F-lOO 

64 

F-104 

51 

F-10  5 

57 

F-4C 

76 

F-4B 

31 

) 

Figure  3-6.  Probability  of  Spinal  Injury  Predicted  From  Cadaver  j 

Data  Compared  To  Operational  Experience  (Reference  6)  1 
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?CrjPA.\T  PRO'TECTION 


Protection  of  an  occupemt  in  the  front  seat(s)  in  a survivable  accident 
depends  primarily  upon  the  occupant's  use  of  a seat  belt/shoulder  harness 
restraint  system.  Means  for  providing  protection  from  head  and  torso  injury 
are  desirable  for  the  times  that  the  occupant  fails  to  use  the  shoulder 
harness  portion  of  the  restraint  system,  as  it  is  impractical  to  place  occu- 
pants where  they  cannot  strike  the  aircraft  structure. 


3.4,1  Environmental  Hazards  - General 


3. 4. 1.1  Primary  Hazards 

The  primary  environmental  hazards  are  those  rigid  or  semirigid 
structural  members  within  the  extremity  envelope  of  the  head  avi  chest. 


3. 4. 1.2  Secondary  Hazards 

Secondary  environmental  hazards  are  those  that  could  result  in  trapping 
or  injuring  the  lower  extremities  to  the  extent  that  one's  ability  to 
escape  rapidly  would  be  con^iromised. 

3. 4. 1.3  Tertiary  Hazards 

Tertiary  environmental  hazards  are  those  rigid  and  semirigid  structural 
members  that  could  cause  injury  to  flailing  upper  limbs  to  an  extent  that 
could  reduce  one's  ability  to  operate  escape  hatches  or  perform  other 
essential  tasks. 


3. 4, 1,4  Upper  Torso  Vulnerability 

It  can  be  seen  in  Figures  3-7  through  3-12  that  the  strike  envelopes 
allow  considerable  upper  torso  movement  for  various  seating  and  restraint 
configurations.  Since  the  upper  torso,  and  particularly  the  head,  is  the 
most  vulnerable  part  of  the  body,  it  is  a necessity  that  meiximum  protection 
be  provided  within  its  strike  envelope. 


3-15 


I 


1 


I 

i 


i{ 

1; 


I 

t 


3.U.1.5  Lover  Extremity  Movement 

The  movement  of  unrestrained  lover  extremities  in  a crash  impact  is 
not  significantly  influenced  by  type  of  body  restraint.  Consequently,  even 
vith  an  optimized  body  restraint  system,  those  areas  vithin  the  lover 
extremity  strike  envelope  must  include  ample  protection  design. 

3.U,2  Extremity  Strike  Envelope 

Figures  3-7  through  3-12  vere  obtained  from  Reference  1.  They  show 
the  body  extremity  strike  envelopes  for  a fully  restrained  occupant  and 
an  occupant  restrained  only  by  a seat  belt.  The  strike  envelopes  are 
based  on  the  following  parameters: 

a.  Ninety-fifth  percentile  U.S.  Array  personnel, 

b.  Four  g accelerations  with  human  subjects;  higher  accelerations 
would  change  the  strike  envelopes  slightly, 

c.  Four  inches  of  lower  torso  movement  away  from  the  seat  both 
forward  and  laterally  (an  approximation  based  on  crash  test 
data), 

d.  Foiu*  inches  of  upper  torso  movement  away  from  the  seat  back 
both  forward  and  laterally  when  restrained  by  seat  belt  and 
shoulder  harness  (an  approximation  based  on  crash  test  data), 

e.  Head  movement  upward  is  a possibility  in  certain  inpact  situ- 
ations. 

The  dashed  lines  in  the  forward  and  sideward  extremity  envelopes  show  an 
approximate  head  movement  for  a situation  of  this  type. 

3. *+.3  Head  Impact  and  Whiplash 

Concussion  is  an  important  aspect  of  htunan  tolerance.  Concussion  of 
only  short  duration  can  temporarily  immobilize  an  individual  and  reduce  his 
chances  of  survival  by  subjecting  him  to  postcrash  hazards  such  as  fire  or 
drowning. 


C' 


♦ 

t 


3-16 


Full-Restraint  Extremity  Strike  Envelope  - Front  View  (Reference  1) 


The  study  described  in  Reference  (7),  indicates  that  approximately 
50  percent  of  the  potential  for  brain  injury  in  an  impact  to  the  unprotected 
head  is  directly  proportional  to  head  rotation  and  inversely  proportional  to 
head  translation  resulting  from  the  impact.  The  other  50  percent  is  directly 
proportional  to  the  contact  phenomena  of  the  impact. 

g 

According  to  a hypothesis  developed  by  Holburn,  shear  stresses 
induced  by  head  rotation  can  produce  concussion.  It  is  shown  in  Reference  21 
the  relationship  between  damaging  velocity  and  damaging  acceleration  is: 


where 


o 

Cl) 


0 = -° 
o " 

= damaging  rotation  velocity,  rad/sec 

2 

= damaging  rotation  acceleration,  rad/sec 
= natural  frequency  of  rotation  of  brain,  rad/sec 


(3-4) 


Scaling  factors  needed  to  predict  concussion  thresholds  for  man 

from  data  taken  on  subhuman  primates  were  developed  in  Reference  (9).  This 

study  showed  that  6 cam  be  represented  by  the  equation 
o 

• -§73  <3-5) 

m ' 


where 


m = mass  of  the  brain,  gm 

2/o  2 

c = an  experimentally  derived  constant,  gm  ' rad/sec 


as  energy-absorbing  padding  provided  that  shemp  corners  and  protrusions  are 
eliminated  and  the  structure /head  contact  area  is  large.  When  the  design 
layout  is  free  of  sharp  or  small  radius  corners,  edges,  auid  protrusions, 
attention  can  be  given  to  design  for  controlling  the  magnitudes  of  the 
acceleration  pulses  to  which  the  head  may  be  subjected. 

Head  acceleration  is  a function  primarily  of  (a)  head  striking  velocity, 
(b)  head/torso  mess,  and  (c)  stopping  distance.  Head  striking  velocity  is 
a function  of  (a)  body  geometry,  (b)  method  of  restraint  (lap  belt  only  or 
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5 2/3  2 

lO'^  gm  rad/sec  and  further  showed 

• • 

= (3-6) 

(jj 

produced  reasonable  agreement  between  predictions  and  empirical  data.  Limit- 
ing values  thus  predicted  to  produce  a 50  percent  probability  of  concussion 
in  a man  having  a brain  mass  of  1300  grams  are  as  follows  (Reference  7): 

= 1800  rad/sec^  (3-7) 

0 =50  rad/sec 

o 

Studies  by  AvSER  and  Wayne  State  University  indicate  that  head  impacts 
at  more  than  20  fps  are  not  readily  tolerated  by  humans  unless  the  structure 
has  been  adequately  covered  with  energy-absorbing  material.  However,  ductile 
or  deforming  energy-absorbing  structure  or  construction  can  be  as  effective 


The  investigators  found  c = 2.16  x 
that  the  relationship 

d 

o 


Figure  3-13.  Measured  Head  Velocities  In  Sled  Tests  With  Anthropomorphic 
Dummies  And  Cadavers  (Reference  1) 
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both  lap  belt  and  shoulder  harness),  and  (c)  seat  velocity  change.  Figure  3-13 
shows  typical  head  velocities  relative  to  the  seat  as  measured  on  anthropomor- 
phic dummies,  cadavers,  and  human  volunteers  in  dynamic  seat  tests  using 
(a)  lap  belts  only,  and  (b)  both  lap  belt  and  shoulder  harness. 

Figure  3-1*+  shows  an  approximate  correlation  between  head  impact  velocity, 
crushable  material  thickness  (stopping  distance),  and  average  acceleration. 

The  material  thickness  given  in  this  figure  is  based  upon  an  assumed  rectangu- 
lar acceleration-time  pulse  and  is,  therefore,  the  minimimi  material  thickness 
suitable  under  ideal  conditions. 

Figure  3-15  shows  an  acceleration-time  plot  of  the  average  acceleration 
versus  the  total  period  of  the  impulse  required  to  approach  xinconsciousness 
limits.  This  plot  was  reported  by  Dr.  Gurdjian  and  others  of  Wayne  State 
University  after  extensive  experiments  with  cadavers  and  live  animals  in 
their  work  on  skull  fracture  and  concussion. 

Design  criteria  applicable  to  padding  material  is  presented  in  Section  5 
of  Reference  1.  The  reader  is  referred  to  Reference  1 for  data  regarding 
typical  material  behavior  and  applicable  references. 

3.1*.i^  Torso  Impacts 

Figures  3-8  and  3-9  show  the  approximate  flailing  area  for  an  occupant 
restrained  only  by  a lap  belt.  Control  wheels,  control  columns,  pedestals 
and  instrument  panels  are  primary  impact  hazards  to  an  \mrestrained  torso. 

Since  the  upper  torso,  particularly  the  head,  is  a most  vulnerable  part  of 
the  body,  it  is  necessary  that  protection  be  provided  within  its  strike 
envelope.  Heeui  in^jacts  against  local  structure  are  a primary  cause  of 
serious  injury.  Protection  for  the  head  can  be  provided  in  the  form  of 
protective  helmets  and/or  upper  torso  restraint  and  energy-absorbing 
structure  in  the  occupeuit's  immediate  environment.  Under  certain  conditions, 
even  the  forces  incurred  in  minor  crash  impacts  can  cause  serious  or  fatal 
injuries. 


Figure  3-lU.  Crushable  Material  Thickness  As  A Function  Of 

Velocity  Change  And  Acceleration  Level  (Reference  lO) 
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Figure  3-15»  Head  Tolersince  To  Impact  As  A Function  Of  Pulse 
D\iration  As  Published  By  Wayne  State  University 
(Reference  1) 

A floor  mounted  control  colxmm  can  present  a serious  hazard  if  in  failing 
the  column  impacts  with  the  flailing  torso/head.  Such  failure,  especially  if 
it  is  Jagged  or  sharp,  can  cause  serious  injuries  to  an  occupant  thrown  against 
it. 

Horizontal,  Instnoment-panel-mounted  control  columns  can  be  the  cause  of 
serious  or  fatal  injuries,  especially  if  the  column  breaks  or  if  the  control 
wheel  fails.  Some  horizontal,  panel -mounted  control  columns  have  failed  by 
bending  over  double  to  form  a sharp  projection  in  front  of  the  occupant's 
chest. 

The  use  of  ductile  rather  than  brittle  materials  will  allow  deflection 
of  the  control  wheel  structure  under  impact  and  prior  to  failure.  Control 
wheels  with  provisions  for  large  padded  areas  would,  even  after  failure, 
minimize  injuries  due  to  chest  penetration  by  the  column. 
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Controls  should  be  so  designed  as  to  tninimize  sharp  edges.  Where 
practicable,  surfaces  should  be  padded  and  controls  should  be  either 
recessed  or  of  a yielding  design  in  order  to  Tninimize  puncture  hazards. 

3.4.5  Hazards  to  Extremities 

The  most  serious  of  injuries  to  the  extremities  are  the  debilitating 
fractures  received  of  the  ankles  and  lower  legs.  Assuming  the  occupant  has 
not  been  thrown  from  his  seat,  leg  injuries  are  caused  by  leg  or  knee 
impact  against  sharp  or  unyielding  structure  beneath  and  forward  of  the 
instrument  panel  or  against  the  lower  edge  of  the  instrument  panel.  It  is 
not  possible  to  eliminate  structure  within  reach  of  the  legs  and  feet. 
Occupants  of  rear  seats  Tnay  be  exposed  to  the  rigid  lower  structure  of  the 
front  seats. 

In  certain  crash  attitudes , the  pilot ' s feet  will  remain  on  the  rudder 
pedals  instead  of  flailing  upward  or  outweird.  In  these  attitudes,  pelvic 
rotation  around  the  seat  belt  can  occur.  This  pelvic  rotation  has  the  effect 
of  forcing  the  pilot's  feet  hard  against  the  rudder  pedals,  and  csui  occur 
even  if  the  lap  belt  is  drawn  up  tightly.  The  tendency  is  aggravated  by  a 
loose  or  slack  lap  belt. 


3.^.6  Equipment 


In  any  accident,  loose  items  or  fixed  equipment  can  become  lethal 
missiles.  Accidents  have  occurred  in  which  occupants  have  been  injured  by 
loose  equipment,  some  by  direct  injury  and  others  by  seat  failure  caused 
by  the  impact  of  equipment  or  baggage.  Loose  equipment  and  baggage  caui 
block  or  impede  evacuation.  It  is,  therefore,  desirable  that  T items  of 
equipment  or  baggage  carried  in  the  cabin  (especially  those  items  aft  of 
the  occupants)  be  installed  or  stored  securely. 
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SECTION  h 


STRUCTURAL  DATA  AND  METHODS 

4.1  INTRODUCTION 

This  sectlo.i  contains  a discussion  regarding  procedures  and  data  that 
are  available  and  applicable  to  structural  crashworthiness  design. 
Comprehensive  literature  survey  matrices  relating  references  to  selected 
subject  matter  are  presented  in  References  1 and  2.  The  information 
obtained  from  past  literature  surveys  is  utilized  in  this  section.  While 
some  of  the  data  contained  in  this  section  is  obtained  from  rotary  wing 
aircraft  studies,  the  information  is  presented  because  it  is  pertinent  to 
general  aviation  airplane  designs.  The  amount  of  test  and  analytical  data 
that  has  been  compiled  throxigh  the  years  is  obviously  too  vast  to  incorporate 
in  one  section  of  any  report.  Consequently,  selected  topics  and  illustrative 
samplings  of  available  data  are  presented.  The  references  at  the  end  of  this 
section  provide  the  user  with  an  indication  of  the  type  and  amount  of  data 
that  is  available. 

4.2  ANALYTICAL  METHODS 

There  are  various  an€dytical  approaches  that  c€ui  be  applied  to 
structureLL  crashworthiness  analysis.  One  approach  involves  utilizing 
computer  technology  to  treat  complex  behavior  involving  large  nonlinear 
deflections.  Generally  this  approach  involves  establishing  a relatively 
large  math  model  to  idealize  structure  and  its  behavior.  The  accuracy 
of  results  that  are  obtained  depend  to  some  extent  on  the  rigor  that  is 
employed.  Analytical  techniques  can  be  used  to  identify  finite  or  gross 
behavior.  Furthermore,  they  can  be  oriented  toward  different  phases  of 
design  such  as  preliminary  or  final.  Practical,  sin^lifled 
approaches  to  obtain  approximate  behavior  art  desireable,  provided  they 
are  of  sufficient  accuracy  for  the  purposes  intended,  since  they  would 
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normally  offer  an  economic  advantage.  As  a rule, one  would  anticipate  that 
simplified  approaches  can  be  most  effective  in  identifying  structural 
behavior  which  in  turn  can  be  used  as  potential  inputs  to  more  complex 
computer  analysis.  Regardless  of  which  analytical  approaches  are  selected, 
whether  for  substructures  or  complete  vehicles,  the  solutions  are  only 
aijproximate . Consequently,  rigorous  or  simplified  analyses  differ  primarily 
in  the  degree  of  accuracy  that  is  desired,  the  amount  of  information  that 
is  available,  and  the  economy  of  operation  that  is  associated  with  each 
approach. 

k.2.1  Computer  Technology 

There  are  several  methods  which  are  potentially  applicable  to  the 
development  of  computer  programs  which  «an  be  used  for  predicting 
dynamic  crash  behavior  with  sufficient  accuracy  for  the  purpose  of  devel- 
oping design  criteria  and  preliminary  concepts  for  improved  crashworthiness 
of  general  aviation  aircraft.  The  primary  methods  of  analysis  are  generally 
referred  to  as  lumped  mass,  normal  mode,  finite  element,  finite  difference 
and  static-plastic  analysis.  Static-plastic  analysis  is  applicable  to 
most  structures,  particularly  beam  and  simple  shell  type  structures. 

However,  since  it  is  not  geared  to  treat  dynamic  problems  wherein 
instabilities  and/or  buckling  failures  occur,  it  would  appear  to  be  limited 
for  vehicle  crash  analysis.  The  dynamic  mode  approximation  technique,  j 

while  relatively  simple  to  apply,  is  limited  in  that;  (a)  a constant  j 

acceleration  is  assumed  throughout  the  dynamic  deformation  and  therefore  | 

the  use  of  load-deflection  characteristics  obtained  by  this  approach  would  j 

not  accurately  reflect  the  actual  acceleration  response  of  the  structure, 

(b)  this  technique  is  not  applicable  to  structure  which  exhibits  instabil- 
ity and/or  buckling  characteristics,  and  (c)  for  complex  structures  it  is 
difficult  to  define  a unique  mode  shape  which  is  kinematically  and 
dynamically  admissible. 

Finite-difference  and  finite-elementtechnlques  are  discvissed  in  many 
references,  including  (U?)  through  (5I)  to  list  a few.  The  finite  element 
solution  is  essentially  the  same  as  a lumped  mass  solution,  i.e.,  it 
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involves  converting  continuous  mass  elements  into  discrete  mass  elements 
interconnected  by  springs.  However,  a finite  element  program  is  written 
such  that  the  input  is  in  terms  of  the  characteristics  of  common  structural 
elements  such  as  beams  Md  plates.  The  main  concern  in  using  a finite  ele- 
ment solution  would  be  the  ability  to  handle  nonlinearities  easily  and  perform 
the  analysis  within  a reasonable  program  run  time.  The  finite-difference 
technique  differs  from  the  finite-element  approach  in  the  manner  by  which  the 
constitutive  equations  representing  force-deflection  relationships  £tre 
described.  As  the  name  implies,  small  differences  are  used  in  the  represen- 
tation of  elements  which  are  bounded  by  other  elements  or  are  constrained 
in  some  manner.  These  two  approaches  give  reasonable  load-deformation  in- 
formation for  simple  structures.  However,  for  complex  structures,  these 
numerical  methods  are  not  yet  considered  as  reliable  or  as  economical  as 
experimental  techniques.  In  general  finite  element  analytical  techniques 
and  numerical  methods  for  stability  analysis  and  post-failure  analysis 
presented  in  the  literature  are  primarily  concerned  with  the  techniques 
rather  than  the  application  of  the  technique  to  practiced  problems. 

Thus  far,  the  lumped  mass  and  normal  mode  approaches  have  been  used  in 
anedyzlng  the  behavior  of  complete  aircraft  structures  during  a crash 
condition.  The  limped  mass  approach  appears  to  be  more  capable  of  predic- 
ting general  large-scale  deformation  than  the  normed  mode  approach.  The 
normal  mode  approach  requires  a redefining  of  the  element  stiffnesses  (also 
required  In  the  lunq>ed  mass  method)  and  then  a recomputation  of  the  system 
frequencies  and  modes  shapes  for  every  Increment  of  time  In  the  nonlinear 
regime.  The  determination  of  frequencies  and  mode  shapes  requires  the 
solution  of  coupled  equations  which  necessitates  a time  consuming  matrix 
inversion.  Since  in  a crash  analysis  the  nonlinear  deflection  is  the 
most  in5)ortant  aspect  of  the  problem,  the  additional  computational  require- 
ments of  the  normal  mode  approach  will  be  less  efficient  and  will  Introduce 
potentially  significant  inaccuracies  as  compared  to  the  lumped  mass  method. 

The  use  of  the  finite  element  method  in  conjunction  with  a lumped  mass 
system  would  appear  to  offer  some  potential. 
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The  use  of  a lumped  mass  analysis  to  perform  a dynamic  analysis  to 
evaluate  the  crash  response  of  fixed  wing  aircraft  is  described  in  References 
3 and  U.  In  Reference  3 the  modeling  of  the  fuselage  of  a typical  fixed- 
wing  transport  for  a crash  is  described.  The  airplane  model  allows  for  pitch 
and  vertical  translation.  A series  of  nonlinear  partially  restoring  springs 
represents  the  crushing  of  the  lower  fuselage.  Up  to  six  fuselage  bending 
normal  modes  are  input.  Longitudinal  motions  are  not  considered;  hence,  no 
plowing  or  friction  drag  forces  are  computed.  The  program  numerically  con- 
verts the  input  load-deflection  curves  into  load-time  curves  and  utilizes 
closed-form  solutions  for  the  degrees  of  freedom  within  each  time  increment. 
No  aerodynamics  are  included.  Test  case  results  using  six  normal  modes  in- 
dicate that  structural  flexibility  may  play  an  important  role  in  crash  load 
determination. 

In  Reference  4 the  modeling  of  the  Lockheed  Constellation  1649  for 
crash  landing  is  described.  A symmetrical  model  (pitch,  plunge,  fore-aft) 
is  employed,  with  one  fuselage  vertical  bending  normal  mode.  Vertical 
springs  are  distributed  longitudinally  along  the  bottom  of  the  fuselage. 

Each  spring  constant  is  a function  of  vertical  deflection,  with  three  sep- 
arate deflection  regions  defined.  These  regions  are  the  initial  elastic 
range,  the  plastic  range,  and  an  increasing  stiffness  range  representative 
of  floor  and  wing  stiffening  at  large  vertical  deflections.  Ground  plowing 
and  friction  forces  are  included, as  are  fuselage  longitudinal  vibrations. 

The  results  shown  in  Reference  4 indicate  that  the  inclusion  of  structural 
flexibility  has  little  effect  on  the  results ; rigid-body  motions  tend  to 
dominate.  This  conclusion  differs  with  the  conclusion  presented  in  Refer- 
ence 3- 

In  Reference  1 the  results  of  a lumped-mass  sinalysis  of  a helicopter 
crash  test,  wherein  combined  vertical  and  lateral  impact  velocities  are  in- 
volved, are  shown  to  compare  favorably  with  the  test  data.  The  analysis  was 
able  to  accurately  duplicate  the  maximum  deflections,  permanent  deformations, 
major  mass  acceleration  responses,  vehicle  motions  and  change  in  energy  as 
obtained  from  the  test  data. 

4.2.2  Simplified  Analytical  Techniques 

Depending  on  the  level  of  software  program  that  is  developed,  the  user 
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may  not  have  the  manpower,  capital  or  data  resources  necessary  to  perform 
complex  analysis.  The  use  of  sin5)ler,  more  easily  understood  techniques 
requiring  readily  available  data  can  be  more  desirable  even  if  the  sacrifice 
of  some  accuracy  were  to  be  involved. 

The  determination  of  load  deformation  characteristics  of  aircraft  struc- 
ture will  enhance  the  ability  of  the  designer  to  predict  structure  and  occu- 
pant responses  during  severe  yet  survivable  crashes.  However,  it  is  impor- 
tant that  this  data  is  presented  in  a manner  which  will  aid  the  designer  in 
developing  the  desired  level  of  crashworthiness  in  the  airframe  structure. 

The  data  presented  in  the  literature  provides  analytical  procedures  and/or 
empirical  data  which  is  applicable  to  a great  many  types  of  structural 
elements.  Unfortxonately , much  of  the  data  in  its  present  form  is  not 
directly  applicable  for  the  following  reasons: 

(1)  The  analytical  techniques  require  computer  programs  in  order  to 
f ormu late  solutions. 

(2)  The  empirical  data  is  not  related  to  analytical  procedures. 

(3)  The  data  is  fob  structural  elements  under  a unique  loading  condition 
or  boundary  condition. 

(4)  The  data  neglects  effects  of  inertia  loads,  strain  rate,  wave 
propagation  and/or  geometry  changes. 

However,  there  are  several  references,  most  notably  20,  31>an<i  33  through 
38  which  provide  information  that  can  be  incorporated  into  procedures  that 
can  serve  as  guidelines  for  designers.  Several  of  the  aforementioned 
references  are  texts  (34  through  38)  which,  although  primarily  limited  to 
elastic  and  plastic  behavior,  cover  a wide  range  of  structural  elements 
such  as  beams,  columns,  plates,  rings,  arches  and  composite  structure.  The 
data  in  these  references  provide  basic  information  regarding  yield  point 
loads  and  methods  by  which  the  effects  of  plasticity,  crippling  and  buckling 
can  be  taken  into  account. 

Simplified  approaches  for  obtaining  load-deflection  data  for  crushable 
fuselage  structure,  load  limiters,  and  beam  elements  are  described  in  Refer- 
ence 2.  These  procedures  indicate  that  this  type  of  approach  holds 
promise  as  a method  of  obtaining,  with  reasonable  accuracy,  input  data  for 
more  complex  programs . 


U.3  STRUCTURAL  BEHAVIOR 


There  are  several  important  asjjects  of  a structxire's  behavior  which 
can  have  an  influence  enforces  that  are  transmitted  to  an  occupamt  during 
a crasti.  Of  particular  concern  are  the  failure  modes,  energy  absorbed 
prior  to  and  after  failiire,as  well  as  the  material  properties  that  affect 
the  load rdef lection  characteristics  of  the  structure. 


U.3.1  Failure  Modes 

The  information  presented  in  the  literature  tends  to  show  agreement 
on  the  requirement  for  progressive  damage  in  a controlled  manner  in  order 
to  achieve  improved  crashworthiness  design.  The  structural  failures  which 
are  primarily  responsible  for  resulting  in  occupant  injury,  or  fatality, 
are  considered  to  be: 

• Longitudinal  crushing  loads  on  the  cockpit 

• Vertical  crushing  loads  on  the  fuselage  shell 

• Transverse  bending  of  the  fuselage  shell 

• Buckling  deformation  of  the  floor  structui'e 

• Landing  gear  penetration  of  the  fuselage  structure 

• Rupture  of  flammable  fluid  containers 

• Lateral  collapse  of  the  fuselage  structure 

Modifications  to  the  structure  and  structural  design  concepts  have 
been  presented  in  References  3>  5»  8 and  9»  Potential  improvements  consist 
of  increased  energy  absorption  capability,  design  for  breakaway,  transferral 
of  major  mass  items,  improved  equipment  tiedown,  and  strengthening  of  cabin 
structure.  The  literature  distinguishes  between  the  design  for  longitudinal 
and  vertical  Impacts  in  terms  of  their  different  structural  energy  require- 
ments, In  the  longitudinal  impact,  unlike  the  vertices.  lii?)act,  there 
exists  a high- force-level  energy  absorption  (friction)  exterior  to  the 
aircraft,  and  the  velocity  change  can  be  accomplished  in  a relatively 

» 

long  time  interval. 
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Analysis  of  aircraft  structural  failure  modes  is  hampered  by  the 
Inability  to  conveniently  describe  large  nonlinear  deformations  that  take 
place  during  an  impact  in  which  the  crash  environment  is  complex.  Aii*craft 
behavior  after  impact  is  a fvinction  of  the  impact  conditions  and  the 
structural  characteristics  of  the  airframe  and  components.  Although  the 
determination  of  the  failure  mode  of  various  components  or  airframe 
segments  provides  valuable  information,  there  exists  a need  to  adequately 
describe  in  sequence  the  structural  behavior  euid  failure  modes  during  a 
crash  in  order  to  ^develop  improved  design  criteria.  The  ability  to  under- 
stand what  is  happening  sequentially  is  an  important  aspect  in  developing 
a consistent  approach  to  crashworthiness  design. 

References  (3),  (5),  (8)  and  (9)  contain  information  which  is  applic- 
able to  the  areas  of  structural  behavior  and  failure  modes. 

References  (5)  and  (8)  contain  discussions  regarding  structural 
modifications  which  offer  promise  of  improved  survived,  in  aircraft 
accidents.  The  contribution  of  the  suggested  modifications  is  reviewed 
in  light  of  the  influence  of  structural  energy  absorption,  earth  gouging 
and  scooping  phenomena,  and  change  in  effective  mass  upon  the  two  crash- 
worthiness  indices: 

• Extent  of  cabin  collapse 

s Floor  acceleration  levels 

Improved  structural,  crashworthiness  in  longitudinal  in5>acts  is  deemed 
possible  by: 

• Reducing  impulsive  earth  scooping 

• Reinforcing  cabin  structure  to  prevent  its  collapse  within 
occupiable  areas 

• Where  practical,  reducing  the  strength  of  the  fuselage  structiure 
to  insure  failiire  in  unoccupiable  area« 

• Improving  energy  absorption  characteristics  in  the  structure 
forward  of  the  occupiable  area 

• Increasing  deformation  cuid  energy  absorption  in  unoccupiable  areas 
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Improved  structural  crashworthiness  in  vertical  inqwcts  can  be  achieved  by: 
• Transferring  mass  from  the  top  of  the  fuselage  to  the  cabin  floor 


a Strengthening  of  cabin  structure  so  as  to  increase  its  resistance 
to  vertical  collapse 

• Modifying  the  cabin  structure  such  that  elastic  energy  absorption 
is  increased  or  plastic  energy  absorption  is  provided  at  loads 
less  than  the  general  collapse  load 

a Increasing  energy  absorption  in  the  subfloor  structure  realizable 
at  load  levels  below  the  cabin  collapse  load 

4.3.2  Energy  Absorption 

There  is  general  agreement  throughout  the  literatvire  that  the  design 
of  a crashworthy  structure  requires  that  a logical  sequence  of  structural 
failure  be  planned.  The  use  of  seats  capable  of  taking  a high  "G"  loading 
would  not  be  logical  if  the  design  requirements  for  the  airframe  and  major 
mass  items  (i.e.,  high  wing,  engine)  are  such  that  failure  could  cause 
collapse  of  the  occupant’s  liveable  space,  causing  injury  or  fatality, 
while  the  seat  remains  intact.  On  the  other  hand,  the  design  of  an  air- 
frame sufficiently  strong  to  hold  occi:q)ants  in  place  under  high  impact 
velocities  while  the  airframe  is  undergoing  very  little  deformation  would 
be  as  undesirable  as  a structure  which  collapses  easily,  since  the  occupant 
woiold  be  subjected  to  intolerable  acceleration  magnitudes.  The  incorpora- 
tion of  energy  absorption  capability  into  the  structure  will  help  to 
alleviate  the  aforementioned  design  inadequacies  since  energy  absorbers 
can  serve  the  following  functions: 

• Reduce  the  nontolerable  deceleration  pulses  on  the  occupant. 

• Permit  seat  structures  to  yield  to  short-duration  high- 
acceleration  pulses. 

Energy  absorbers  can  be  incorporated  prudently  throughout  the  airframe 
to  improve  the  structure's  crashworthiness  capability.  However,  as  is  the 
case  in  any  design  solution,  there  exists  a trade-off  among  performance, 
cost,  weight  and  space.  Thus,  the  use  of  energy  absorbers  to  improve 
aircraft  crashworthiness  requires  a determination  of: 
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• Where  energy  absorption  is  most  critically  needed. 

• The  amount  of  energy  absorption  required. 

• The  effect  of  dynamic  coupling  behavior  between  the  absorber 
and  existing  structure  on  responses. 

• The  type  of  energy  absorber  that  will  best  serve  the  needs. 

• The  cost  in  terms  of  weight  auid/or  space  that  can  be  tolerated. 

References  (3),  (5)>  (8),  (9)»  (lO)  and  (U)  present  information  which 
is  pertinent  to  the  subject  of  energy  absorption. 

References  (5)  and  (8)  show  that  the  kinetic  energy  of  the  in?>acting 
aircraft  is  equal  to  the  energy  absorbed  in  deforming  the  soil  and  the 
structure.  The  controllable  factors  are: 

• Average  force  developed  in  the  collapse  of  the  structure 

• Linear  deformation  of  the  structure 

a Deformation  energy  in  structure  other  than  the  cabin.  The 
reduction  in  the  deceleration  forces  requires  a corresponding 
increase  in  deceleration  distance  and,  consequently,  crushable 
material. 

The  crash  environment  and  how  it  pertains  to  energy  absorption  is 
discxiBsed  in  Reference  9*  The  terrain  is  considered  to  be  the  most 
important  parameter  in  determining  the  caiuses  of  structural  collapse. 

With  soft  ground,  energy  is  primarily  dissipated  due  to  soil  plowing  or 
compression.  However,  on  a hard  surface,  friction  between  the  structure 
and  surface  is  the  primary  means  of  dissipating  energy.  Energy  absorbed 
by  failure  of  landing  gears,  pods  and  pylons  is  considered  to  be  insignif- 
icant due  to  their  small  mass  relative  to  the  total  structure  for  longi- 
tudinal velocity  impacts.  For  a large  transjKjrt,  the  report  concludes 
that  kinetic  energy  cannot  efficiently  be  absorbed  by  structural  collax>se 
and  still  retain  a survivable  shell. 

In  Reference  (U)  it  is  concluded  that:  (a)  it  is  completely  imprac- 
tical, through  the  use  of  energy  absorbers,  to  significantly  reduce  the 
longitudinal  acceleration  le/el  for  occupants  in  accidents  Involving  a 
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large  chauige  in  velocity  in  a single  deceleration  pulse;  (b)  it  is  prac- 
tical to  provide  energy  absorption  to  limit  vertical  acceleration  in  the 
order  of  20-25G  in  accidents  occurring  at  descent  rates  ranging  from 
40-50  fl>s,  assuming  some  vertical  deformation  of  the  structure;  (c)  it  is 
possible  to  reduce  short -duration  (.005  to  .010  sec)  peak  loads  to  lower 
values  in  order  to  prevent  seat  failures  due  to  exceedance  of  design 
strength. 

From  a crashworthiness  design  efficiency  standpoint,  it  is  desirable 
to  have  structural  elements  which  exhibit  a load-deflection  curve  that  is 
approximately  flat  (zero  slope)  beyond  the  elastic  limit,  provided  the 
maximum  transmitted  load  does  not  subject  the  occupant  to  an  intolerable 
acceleration  magnitude.  There  are  many  load-limiting  devices  which  can  be 
Incorporated  for  crashworthiness  considerations.  However,  the  selection 
of  a particular  device  requires  that  a trade-off  be  made  between  performance, 
weight,  space  and  cost.  Table  4-1,  obtained  from  Reference  28,  compares 
several  "one-shot"  load-limiting  devices  for  1000-4000  poimd  loads. 

Included  is  a comparison  of  the  pertinent  design  factors  for  eight  different 
devices.  "Long-term  reliability"  refers  to  the  ability  of  the  device  to 
perform  its  function  without  benefit  of  maintenance  throughout  the  life  of 
the  aircraft,  while  "specific  energy"  indicates  the  amount  of  energy  that 
can  be  absorbed  per  pound  of  weight  of  the  device. 

References  1,  5»  and  12  through  19  also  present  data  related  to 

structural  element  energy-absorption  requirements  or  capability.  Table 
4-2  (Reference  17),  for  example,  compares  energy  absorption  efficiencies 
for  several  different  materials  and  methods. 

4.3.3  Strain  Rate  Effects 

If  materials  exhibit  strain-rate  sensitivity,  then  the  effect  on  the 
load-deflection  characteristics  of  the  structure  will  be  a change  in  the 
yield  and  ultimate  loads.  For  cases  in  which  structured  materials  exhibit 
strain  rate  sensitivity,  an  approximate  accounting  for  this  effect  can  be 
made.  Several  references,  including  (21)  through  (29),  discuss  strain 
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TABLE  4-1  COMPARISON  OF  "ONE  SHOT"  LOAD-LE-IITING  DEVICES 

FOR  1000-  TO  4000-  FOUND  LOADS  REFERENCE  8 TABLE  3-1 
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4500  Sxcellent  fair  Bracea 
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Seat  bega^ 
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la)  Ihla  device  oowld  be  rated  higher  if  an  intepral  rebound  device  were  incorporated  into  the  daalpn. 

(b>  Currently  beinp  Mrteted  by  Afvriean  Chain  a Cable  Conpany. 

lc)  Royal  Netherlanda  Aircraft  factoriae  Filter  did  the  initial  developncnt  of  thia  device  in  144). 

ld)  Srveliynaht  conducted  by  Genoral  N^  ton  Rearar^  Laberatoriea  . warren.  Miehiean. 

la)  A device  utilitlnp  e coerreeeed  tube  rethor  than  tne  expandirp  ti4»e  ahewn  ta  beinp  narkatad  by  the  Aerothera  Cenpany, 
Santan.  Connecticut. 

(|)  Itiia  device  le  beinp  weed  by  t)\e  Sikoreky  Aircraft  renpany  in  their  S-51,  S-41.  end  S-a)  helicopter  lending  peara. 

Ip>  Thie  value  la  beaed  on  the  eenprcaaed  ndi*  device  tented.  Thia  value  could  be  doubled  in  a nora  efficient  deaign. 

Ih)  Thle  naaianea  velue  tron  Reference  12  doen  no*  eoneidi'r  end  fitting  weiphtat  e value  of  40A0-S000  ft*lb/lb  la  cooparabla 
to  the  other  devlcea.  A device  eiailar  to  thia  aenufaotured  by  Beeine-Vertol  deaionttrated  specific  energy  of  T)T 
ft-U/lb. 

Ut  thia  devica  la  oanufactured  by  Narzan  Root  a Bnpineerinp  Cof^any. 

())  Raference  IS.  • 

Ik)  Thia  da*  ice  la  aianufa^tured  by  A'>0B. 

ID  Thia  drviee  la  Mnufactured  hy  Ail-ANanran  Knqteennnp  Co^tn/. 
lal  Thia  deviee  la  eanufactun-d  by  arA.  Aeronpaev  Rrtaareh  a«*ociatea. 
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OF  EHKROT  ABSORPTION  EPFICIENCIBS  (REFERENCE  I7) 


rate  effects.  There  is  no  universally  validated  and  accepted  strain  rate 
law.  One  approximation  described  in  Reference  25  and  used  in  several 
publications  is  shown  below. 

^ ® ~ modulus  of  elasticity  (ib/in^) 


7/  ® a static  value  of  yield 

/ ° point  (ib/in) 

/ ® » yield  point  (ib/in^) 

yX ^ 

/ / ■ ^ D,p  a constants  of  the 

/ / structural  material 

€ = strain  (in/ in) 

6 = strain  rate  (in/in/sec) 

a = a plasticity  factor  indicating 
the  rate  of  strain  hardening 
Dynamic  stress-strain  baaed 
on  average  strain  rate 


The  approximation  regards  the  effect  of  strain  rate  as  raising  the  yield 
point  (®y)  above  the  static  yield  value  (O"^)  with  the  associated  strain 
hardening  portion  of  the  curve  kept  parallel  to  the  static  strain  hardening 
cumre. 

In  Reference  33  « simplified  method  is  presented  for  solving  impul- 
sively loaded  structure  for  rate-sensitive  materials.  The  results  of  the 
study  indicate  that  good  approximations  to  the  exact  solution  may  be  found 
by  utilizing  a rate-insensitive  material  with  constant  yield  stress  equal 
to  the  initial  dynamic  yield  stress. 

In  general,  aluminum  structures  do  not  exhibit  strain  rate  sensitivity 
while  steel  structures  are  very  sensitive  to  strain  rate  effects.  The 
load-deflection  behavior  of  structures  should  Include  this  effect,  where 
applicable,  when  being  modeled. 
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U.3.4  Inertia  Effects 


If  Inertia  forces  for  a particular  type  of  structure  are  important, 
then  the  load-deflection  characteristics  for  the  structure  under  dynamic 
loading  conditions  can  differ  from  the  load-deflection  characteristics 
under  static  loading  conditions.  References  1,  25,  26,  28,  30,  31,  32 
present  data  related  to  inertia  effects.  In  Reference  1 the  load-deflection 
curve  is  obtained  under  dynamic  loading  and  compared  to  a previously 
obtained  static  load-deflection  curve  for  the  same  specimen  type.  The 
load-deflection  cvirve  for  the  specimen  is  also  obtained  analytically  using 
an  existing  finite  element  program.  For  this  type  of  structure  wherein 
the  low  frequency  response  of  the  structure  dcaninates,  insofar  as  overall 
structural  behavior  is  concerned,  the  difference  in  static  and  dynamic 
characteristics  is  small. 

In  Reference  25  the  effects  of  impact  speed  on  the  dynamic  force 
deflection  relationship  for  steel  and  aluminum  curved  box-beam  columns 
are  presented.  Figure  4-1  presents  the  load-deflection  curves  for  steel 
and  aluminum  under  static  and  dynamic  loading  conditions.  As  one  can 
observe  from  the  load-deflection  curves,  the  analysis  should  be  able  to 
account  for  dynamic  loading  effects  since  they  can  differ  substantially 
from  static  load-deflection  characteristics  for  some  structures. 

If  the  higher  frequency  modal  components  dominate  the  response 
initially  such  as  to  cause  failure  before  the  fundamental  mode  can  respond, 
then  the  effects  of  inertia  should  be  considered  in  the  load -deflect ion 
curves, 

4.4  EXPERIMENTAL  DATA 

Correlation  between  test  and  analysis  shows  that  the  basic  problem 
in  developing  analytical  models  is  the  ability  to  realistically  describe 
the  structural  behavior  under  loads  which  will  result  in  large  deformations. 
The  test  data  show  that  it  is  Important  that  fuselage  structure  exhibit 
plastic  deformation  characteristics  in  both  the  longitudinal  and  vertical 
directions.  Tests  have  shown  that  unless  sufficient  energy  absorption 
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Figure  4-1.  The  Effects  of  Impact  Speed  on  Dynamic 
Force-Deflection  Relationship  of  Curved 
Box-Beam  Columns  (Reference  2^) 


capability  is  included  in  the  design  of  fuselage  structure,  the  pilot  «uid 
passengers  can  be  expected  to  experience  intolerable  acceleration  forces. 

To  date  the  test  programs  have  provided  valuable  information  which  has 
been  used  to  develop  airframe  design  and  restraint  systems  which  better 
attenuate  crash  forces.  At  present,  full-scale  test  techniques  have 
provided  more  valuable  design  information  than  do  analytical  methods. 
However,  it  must  be  recognized  that  each  test  provides  only  one  data  point 
and  that  the  expense  of  conducting  full-scale  tests  is  a formidable 
obstacle  in  evaluating  the  large  number  of  design  considerations  for  all 
types  of  general  aviation  aircraft. 

In  Reference  5 the  results  of  controlled  full-scale  tests  performed 
with  fixed-wing  aircraft  to  demonstrate  the  effectiveness  of  simple 
structural  changes  in  achieving  improved  crashworthiness  design  are 
described.  The  test  program  was  xMirtlally  successful  in  reaching  its 
objectives.  The  program  demonstrated  the  effectiveness  of  a nose  modif- 
ication in  reducing  earth  scooping  and  thvus  reducing  the  severity  of  the 
crash  environment.  However,  the  test  results  regarding  the  effectiveness 
of  Increasing  upper  cabin  compressive  strength  in  reducing  cabin  collapse 
due  to  fuselage  bending  associated  with  the  rapid  pltch-up  for  longitudinal 
crashes  were  inconclusive.  The  test  programs  described  in  References  6 
and  7 were  performed  under  the  same  contract  with  two  different  large 
fixed-wing  aircraft  (DC-7  and  Lockheed  Constellation  1649).  The  programs 
were  directed  toward  determining  the  overall  acceleration  environment, 
fuel  spillage  studies,  and  coclq>lt,  crew  and  passenger  seat  experiments 
during  potentially  survivable  crashes.  The  tests  were  designed  to  simulate 
crash  conditions  for  three  types  of  potentially  survivable  accidents.  The 
three  conditions  were: 

e Hard  landing  with  high  rate  of  sink 

• Wing  low  impact  with  the  ground 

• Impact  into  large  trees  in  off-airport  forced  landing. 
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j Due  to  a failure  in  the  recording  aystem,  the  program  on  the  DC-7  did 

I not  meet  l of  the  test  objectives.  Failure  to  obtain  the  instrument 

I recordings  represents  a real  and  costly  risk  associated  with  full-scale 

test  programs.  Fortunately,  the  tests  with  the  Lockheed  1649  which  were 

! successfully  recorded  showed  that  the  structural  damage  and  deformation 

j 

of  the  fuselage  that  occurred  in  the  crash  were  relatively  mild,  particu- 
larly in  the  occupiable  portion.  The  damage  in  these  tests  were  most 
severe  in  the  lower  forward  fuselage  where  primary  inq^cts  were  concentrated. 

References  1,2,  3,  12,  l4,  l6,  17,  19,  21,  39  and  4o  present  results  of 
tests.  The  data  is  generally  in  the  form  of  load  versus  deflection,  force 
verstis  time  and  stress  versus  strain.  Reference  1 static  and  dynamic  test 
results  showed  that  for  some  typical  aircraft  structure,  the  energy  absorb- 
ing characteristics  are  the  same  for  both  static  and  dynamic  loading 
conditions.  Figure  4-2  shows  a comparison  of  the  results  of  the  static 
and  dynamic  tests  described  in  Reference  1. 


In  Reference  3,  load -deflection  curves  for  plate  stringer  panel 
configurations  are  presented.  The  results  of  these  panel  tests,  illustrated 
in  Figiire  4-3,  show  the  energy  to  area  ratio  of  the  three  configurations. 

Of  particular  Importance  are  the  relative  absorption  capabilities  of  the 
panels  and  their  reai)ective  modes  of  failure.  For  example,  the  integrally 
machined  panels  produce  a reasonably  efficient  energy-area  ratio,  but  the 
load  stroke  performance  is  poor  because  the  mode  of  failure  is  an  esqploslve 
fracture  in  which  the  riser  splits  conqpletely  off  the  skin.  In  addition, 
the  peak  loctd  of  this  latter  configuration  is  much  higher  than  the  peak 
load  for  the  other  panels,  which  could  result  in  higher  transmitted  loads. 

In  Reference  3 the  loeui-deflection  data  for  the  lower  frame  of  a typical 

fuselage  segment  obtained  from  drop  tests  is  also  presented.  This  test 

data  is  compared  to  antOysls  emd  is  shown  to  differ  substantially.  In  . \ 

Reference  40  the  data  regarding  buckling  characteristics  of  perfect  and 

imperfect  circular  cylindrical  shells  subjected  to  dynamic  axial  loading 

is  presented.  Close  agreement  was  found  between  theory  auid  experiment  for  ^ 

both  dynamic  buckling  strength  and  buckling  mode  shapes.  j 


! 
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Figure  4-3,  Plate  Stringer  Compression  Bsnels  Load- 
Deflection  Teat  Data  (Reference  3) 
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In  Reference  12  the  data  for  8ing)le  structures,  such  as  clamped  beam, 
circular  ring,  circular  plate  and  hemisphere  are  presented.  The  data  are 
limited  to  deflection  time  histories  and  are  for  a specific  material, 
loading  condition,  boundeury  condition  and  size  of  structure.  In  Reference 
21  a comparison  is  made  of  experimental  data  with  the  results  of  a 
theoreticaLl  investigation  of  the  plastic  deformation  of  cantilevered  beams 
subjected  to  impulsive  loading.  The  test  results  for  this  particular 
study  followed  the  general  trend  predicted  by  rigid-plastic  theory.  A 
conclusion  drawn  from  the  results  is  that  an  increase  in  yield  stress 
with  strain  rate  is  the  primary  cause  of  the  dis irepancy  between  theory 
and  experiment. 

The  results  of  an  experimental  investigation  into  the  use  of  frangible 
metal  tubing  as  an  energy  absorber  are  presented  in  Reference  lU.  Tests 
were  performed  using  a l/5  scale  model  of  a proposed  manned  spacecraft, 
and  Impact  velocities  reached  30  fps  vertical  and  combined  vertical  (13*5 
tpa)  and  horizontal  (l8  fps).  Results  are  presented  as  curves  of  force 
versus  displacements.  References  15  through  19  present  data  for  a one-shot 
energy  absorber.  References  l6  through  19  provide  data  accumulated  over 
a period  of  years  for  the  Lockheed  developed  Dynasorb.  The  device  has  been 
tested  for  ground  impact  conditions  as  high  as  112  fps.  Materials  tested 
include  aluminum  alloy  2024-T3,  brass,  copper,  magnesium  AZ-31B-F,  steel 
(1015),  steel  (4130),  and  titanium.  Energy  curves  showing  load  versus 
displacement  are  presented. 

The  results  of  exx>erimental  investigations  of  thin-webbed  plate-gli^ler 
beams  to  determine  shear  loads  required  to  caiuse  web  rupture  and  flange 
rivet  failure  are  presented  in  Reference  32.  In  slLI,  twenty-seven  beams 
were  tested.  The  Impact  response  of  curved  box-beam  columns  with  large 
global  and  local  deformations  is  discussed  in  Reference  25.  Of  signif- 
icance are  load-deflection  curves  for  steel  amd  aJ.umlnum  under  static  auid 
dynamic  loading  conditions  (Figure  4-1).  This  paper  concliides  that  the 
consideration  of  cross-section  changes  is  necessary  and  Important  in 
predicting  the  impact  response  of  beam  columns  with  thin-walled  box 
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■ectlons  subjected  to  large  deformation.  The  effects  of  strain  rate  sensi- 
tivity and  strain  wave  propagation  on  the  load-deflection  curve  are 

discussed. 


1 


Stress-strain  curves  for  aluminum  honeycomb  and  two  foamed  plastic 
structures  are  presented  in  Reference  42.  The  characteristics  of  these 
three  materials  are  examined  to  ascertain  how  they  can  be  applied  for 
human  protection  against  accelerations  encovmtered  at  low  Impact  speeds 
(30  f^).  Reference  4l  presents  data  regarding  modes  of  failure  of 
multlweb  beams.  The  ultimate  strength  and  buckling  characteristics  of 
multlweb  beams  have  been  investigated  both  experimentally  and  theoretically. 
The  three  primary  types  of  Instability  that  occur  are  (l)  local  buckling, 

(2)  wrinkling,  and  (3)  interrivet  buckling.  It  is  noted  that  beams  of 
solid  cross  sections  typically  exhibit  large  plastic  deformations  €us 
shown  in  Figiare  4-4,  while  built-iq)  sheet  beams  exhibit  structural 
behavior  similar  to  that  shown  in  Figure  4-5. 

Although  much  effort  has  been  expended  to  obtain  structural  charac- 
teristics of  structural  elements,  only  a small  percentage  of  published 
data  provides  load-deflection  data  that  can  be  directly  incorporated  by 
designers.  Table  4-3  shows  a cross  section  of  data  available  from  the 
reference  material.  The  load-deflection  data  provides  some  useful  data 
to  the  designer,  in  that  characteristic  trends  can  be  associated  with 
different  types  of  structureuL  elements.  For  convenience  three  categories 
depicting  load -deflection  behavior  have  been  Identified.  The  load 
categories  indicate  that  in  the  poet -failure  region  the  behavior  of  struc- 
ture can  be  grossly  defined  as  increasing,  constant  or  decreasing  load  with 
deflection.  The  actxial  characteristics  may  vary  widely  as  shown  in  Figiores 
4-1  through  4-5.  Table  4-4  presents  a matrix  of  structural  element  load- 
deflection  categories  and  load  types.  The  table  indicates,  to  some  degree, 
how  the  selection  of  a structural  element  design  can  influence  the  loads 
that  will  be  experienced  in  an  aircraft.  This  information,  without 
additional  data  such  as  energy-absorption  efficiency,  linear  load-deflection 
curves,  and  yield  points  for  specific  design  configurations,  although 
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^ple  4-4.  matrix  of  structural  element  load-deflection  categories  and 
LOAD  type  (reference  l) 


Load  Categories  * 

I 

2 

3 ** 

Compression 

Skin-Stringer 

Frangible  Tube 

Sheet  Skin 

Coil  Spring 

Telescoping  Tube 

Flat  and  Curved  Plate 

Stiffened  Cylinder 

Honeycomb 

Multiple  Cell 
Structure 

Short  Column 

Axially  Loaded  Cylinder 

Slender  Long  Column 

Stringer  Shell 

Segment 

Beam 

Tension 


Bulkhead 

Stiffener 


Inversion  Tube 

Stainless  Steel 
Strap 

Stranded  Cable 


Short  Elongation  Strap 
Sheet  Skin 

Stringer 


* LOAD  CATEGORIES 

1.  Increasing  load  with  Increase  in  deflection 

2.  Constant  load  with  increase  in  deflection 

3.  Decreasing  load  with  increase  in  deflection 

**  Compression  members  tend  to  fail  as  a result  of  the  lateral  bending 
Induced  by  the  compression  load,  an  action  which  is  commonly  called 
buckling. 


PLASTIC 

ELASTIC  - PLASTIC 


mCC 


EIASTIC 


\ 

9 

■i) 

^ M 


FAIIUBE 

T& 

TENSICn 


LENGTH  OF  PIASTIC 
ZONE 


ANGULAR  DEFLECTION,  & 

Figure  4-U.  Structural  Behavior  Typical  of  Solid  Cross-Section 
Beaaua  of  Ductile  Material  (Reference  4l) 

BL’CKUNG 


— -/A 


EIASTIC 


LENGTH  CHARACTERISTIC 
OF  BUCKIED  ZONE 


LOCUS  OF  POST  FAILURE 
B STRENGTH 

^ 

^ V^EIASnc" 


BINDING  OF 
BUCKIED 
EIAfERTS 


e 

FAIL 

ANGULAR  DEFIZCTION,  9 

Figure  4-5. 

Structural  Behavior  Typical  of  Built-up 
Beams  (Reference  4l) 

a contribution,  is  inadequate  for  crashworthiness  design.  References  34, 
35,  and  38  present  some  valuable  data  concerning  various  types  of 
structui-al  elements  up  to  the  point  of  failure  and  including  plasticity 
effects.  Of  particular  importance  in  this  data  is  that  nondime ns ional 
graphs  are  presented;  these  allow  one  to  easily  determine  load  capability 
for  different  geometry  or  end  constraints.  Reference  3^  includes  discus- 
sions of  plastic  bending,  buckling  of  flanges  and  webs,  lateral  buckling 
of  beams,  buckling  of  beams  in  combined  axial  compression  and  bending, 
buckling  of  frames,  and  a general  method  for  computing  elastic-plastic 
displacements.  Reference  35  presents  discussions  and  tables  of  data  for 
determining  load  and  deflection  for  beams  and  frames,  including  simultan- 
eous axial  and  transverse  loading,  variable  cross  sections  and  curved 
sections,  flat  plates  (ultimate  strength,  large  deflections,  nonuniform 
loading),  columns  (eccentric  loading,  combined  compression  and  bending), 
and  buckling  of  bars , columns , flat  and  curved  plates . Reference  38 
provides  a discussion  of  the  design  of  members  in  tension  (skin,  stringers, 
spar  caps),  bending  (beams),  torsion  (shafts),  compression  (columns,  flat 
plates,  curved  sheets),  and  shear  (webs).  Included  in  this  reference  are 
design  equations,  nondimens ional  buckling  design  curves,  and  a discussion 
of  the  manner  in  which  local  crippling  failures  can  be  analyzed. 

Substructure  static  and  dynamic  tests  performed  with  integrally  stif- 
fened sheet  metal/stringer  type  structure  are  described  in  Reference  2. 

This  type  of  structure  is  representative  of  aircraft  lower  fuselage  struc- 
ture. The  test  results  indicate  that,  for  these  types  of  structural  ele- 
ments, static  testing  to  determine  load-deflection  characteristics  should 
yield  sufficiently  accurate  results  when  coii5)ared  to  dynamic  test  results, 
but  in  a more  econcanical  manner.  A static  test,  in  addition  to  being  more 
economical  to  perform  thaun  a dynamic  test,  has  the  advantages  of  easier  and 
more  precise  alignment  of  impact  head  with  specimen,  a more  rapid  test  set- 
up and,  generally,  a lesser  amount  of  instrumentation  required.  However,  a 
dynamic  test  has  the  advantage  that  the  amount  of  springback  from  the  maxi- 
mum deflected  value  is  immediately  evident.  With  a static  test,  the  struc- 
ture will  relaoc  slowly  to  its  permanently  deformed  position.  For  general 

aviation  aircraft  impact  conditions,  the  springback  could  easily  reach  50 
percent  of  the  maximum  deflected  value  in  the  cabin  region. 
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SECTION  5 


STRUCTURAL  CRASHWORTHINESS  DESIGN  AND  COMPLIANCE  METHODS 

5.1  INTRODUCTION 

The  purpose  of  this  section  is  to  present  the  factors  that  influence 
the  formulation  of  a satisfactory  structural  crashworthiness  design 
and  to  describe  the  maimer  in  which  these  factors  can  be  considered. 

In  addition,  methods  by  which  compliance  to  crashworthiness  requirements 
cem  be  shown  are  presented.  A systems  analysis  approach  to  aid  in  the 
development  of  consistent  crashworthiness  designs  is  presented.  The 
information  presented  is  general  enough  in  concept  that  it  applies  to 
eUl  types  of  general  aviation  airplane  designs  and  crash  conditions. 

5.2  SYSTEMS  ANALYSIS  APPROACH  TO  A CONSISTENT  CRASHWORTHY  DESIGN 

The  objective  of  a satisfactory  crashworthy  design  is  occupant  surviva- 
bility which  implies  that; 

• The  structiire  containing  the  habitable  space  will  not  collapse 
sufficiently  to  impinge  upon  the  occupant. 

• The  structure  will  crush  and  deform  in  a predictable,  controlled 
manner,  minimizing  the  forces  Imposed  upon  the  occupants. 

• The  occupant  will  be  protected  from  lethal  blows  as  a result 
of  contact  with  hardware. 

The  development  of  structursO.  crashworthiness  design  criteria  that  will  be 
of  substantial  benefit  to  potential  users  should  take  into  consideration 
those  factors  that  influence  the  severity  of  injury  an  occupant  will  experi- 
ence during  a crash  environment  as  well  as  to  stipulate  the  nanner  in  which 
acceptable  crashworthiness  capability  can  be  ascertained.  This  means  that 
the  significant  factors  which  contribute  to  the  development  of  successful 
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structural  crashworthiness  design  criteria  for  severe,  yet  survivable, 
accidents  include; 

• The  definition  of  the  probable  crash  environment. 

• Methods  of  analysis  to  facilitate  the  incorporation  of  structural 
crashworthiness  feat\ires  early  in  the  design  phase. 

• Human  tolerance  limits  and  measures  of  injury  potential. 

a Load-deformation  characteristics  of  the  major  structural 
elements  for  existing  and  future  airplane  design. 

The  use  of  rational  design  procedures  will  enheuice  the  effectiveness 
of  crash  design  criteria  thatare  developed.  The  design  of  the  various  parts 
of  a vehicle  should  be  consistent  in  the  sense  that  the  proper  interface 
is  maintained  among  the  essential  structural  elements,  masses  and  occupant 
restraint  system.  Furthermore,  a rational  approach  should  also  include  the 
influence  of  structural  weight  and  configuration  considerations  in  the 
procedure  by  which  an  acceptable  crashworthy  design  is  achieved.  Figure  5-1 
illustrates  a rational  approach  to  the  development  of  structural  crash- 
worthy  design  criteria.  The  approach  outlined  in  Figure  5-1  includes  the 
influencing  factors,  and  if  utilized  properly  would  result  in  a consistent 
design  which  maintains  the  desired  compatibility  among  the  various  structure*. 

From  Figure  5-1  it  can  be  seen  that  the  landing  gear  and  crushable 
structure  between  the  Impact  point  and  the  seat  support  is  the  first  area  of 
Interest  in  developing  a crashworthy  design.  Loads  resvilting  from  deform- 
ation of  the  structure  in  response  to  a given  impact  speed  and  attitude  are 
coiiq>ared  with  the  occupant  tolerance  to  acceleration  magnitudes,  dtu*ations 
and  rates  of  onset.  Providing  strength  in  this  area  is  beneficial  up  to  a 
point.  Should  the  load  levels  during  the  fuselage  crushing  mode  exceed 
those  which  can  be  tolerated  by  the  occupant,  then  the  energy  absorbed  does 
not  serve  a useful  purpose  because  the  occupant  does  not  survive. 

Although  the  maximum  strength  of  the  occupant  seat  support  and  harness 
should  Ideally  match  the  tolerance  of  the  occupant,  a consistent  design 
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Figure  5-1.  Consistent  Crashworthiness  Design  Criteria  Approach 


wolild  dictate  that  the  strength  be  equal  to  or  greater  than  the  loads 
imposed  during  the  period  of  structural  crushing.  This  implies  that  the 
occupemt  must  be  properly  restrained  to  avoid  unnecessary  relative  motion 
between  the  occupant  and  structiu:e  such  as  the  windshield,  the  instrument 
panel  and  protruding  objects  which  could  result  in  intolerable  intact 
forces  being  imposed  on  the  occupant.  Once  these  levels  have  been  ascer- 
tained, additional  energy  cau  be  absorbed  by  controlled  failiare  of  the  seat 
structure.  During  the  periods  that  energy  is  being  absorbed,  the  occupeuit 
space  must  have,  as  a minimum,  the  strength  to  withstand  the  loads  irr5)osed 
without  collapsing,  thus  protecting  the  occupant.  This  requirement  dictates 
the  strength  of  the  structure  supporting  large  mass  items  such  as  the  engine, 
wings  and  fuel  tanks.  As  with  the  fuselage  structure,  the  energy  absorption 
capability  and  the  structural  strength  of  the  supporting  structure  must  be 
con?)atible  with  the  upper  and  lower  wing  masses  so  that  they  will  not 
collapse  prior  to  the  lower  structure's  performing  it's  energy  absorption 
work.  Any  structural  configuration  changes  csji  resxilt  in  weight  changes.  If 
there  is  a weight  increase,  its  acceptability  will  have  to  be  determined.  If 
acceptable,  the  structural  design  has  been  set.  However,  it  is  unlikely 
that  this  will  be  the  case  initially  and  other  iterations  will  be  required. 

The  sequence  of  failure  described  above  pointedly  depicts  the  major 
problem  in  developing  meaningful  design  criteria  for  aircraft  structwal 
crashworthiness.  The  design  criteria  must  be  established  within  limit- 
ations on  parameters  such  as  loeuiing  sequence,  space,  weight,  and  operating 
parameters  to  maintain  acceptable  acceleration  levels  and  rate  of  change  of 
acceleration  for  the  occupemts.  Furthermore,  the  criteria  must  maintain 
compatibility  between  the  various  types  of  structures  of  which  the  major 
structural  elements  are: 

(1)  the  crushable  fuselage  structure 

(2)  the  occupant  retention  system  (seatbelt  luid  harness) 

(3)  the  major  mass  items  such  as  wings,  engines  and  fuel  tanks 


5.3  METHODS  FOR  DEMOI^STRATING  COMPLIMCE 
5.3*1  General 

In  the  development  of  design  criteria,  certain  considerations  should  be 
satisfied  in  order  to  enhance  their  acceptance.  These  are; 

• Methods  should  be  available  by  which  the  criteria  can  be  satisfied. 

• Methods  that  are  available  should  take  into  account  the  various 
approaches  to  preliminary  and  final  design  used  by  the  industry. 

• Methods  should  be  practical  and  not  impose  unrealistic  requirements 

• At  least  two  methods  should  be  made  available  so  that  designers 

can  select  on  the  basis  of  con5)atibility  with  their  particular  design 
processes. 

This  section  describes  the  manner  in  which  available  environmental,  structural 
and  design  data  can  be  used  to  show  compliance  with  design  criteria.  In- 
cluded is  the  use  of  an  iterative  procedure  to  show  how  a satisfactory 
crashworthy  design  c«ui  be  evaluated  and  achieved  with  the  minimum  weight 
penalty.  Several  methods  of  different  con^jlexities , for  showing  compliance 
with  criteria,  are  presented. 

5.3.2  Preliminary  Design 

Normally,  during  the  initial  stages  of  a design,  the  structural  information 
that  is  available  consists  of  a general  layout,  vehicle  weight  and  c.g. 
position  data  and  some  new  structural  concepts.  In  some  instances,  particu- 
larly for  completely  new  design,  this  information  can  be  very  limited. 

However,  in  most  situations  only  limited  design  changes  are  made  in  selected 
regions  affecting  a small  portion  of  the  structure.  For  example,  depending 
on  weight  and  mission,  many  airplane  manufacturers  perpetuate  some  design 
features  (engine  mount  arrangement,  or  one,  two  or  three  spar  wing  construc- 
tion) either  because  of  economics,  past  success  and/or  familiarity  with 
certain  concepts  and  procedures.  Even  when  confronted  with  the  minimum 
available  data,  the  performance  of  a crash  analysis  diu’ing  preliminary 
design  can  be  beneficial  because  at  this  stage  the  design  is  reasonably 
flexible.  Thus,  desirable  crashworthy  features  can  be  incorporated  more 
economically  than  during  the  latter  stages  of  design. 


How  then  does  the  designer  approach  the  problem  of  evaluating  the  creish- 
worthiness  capability  of  an  airplane  that  is  on  the  drawing  board?  With  the 
use  of  Pigtire  5-2,  the  iterative  process  can  be  used  to  determine  an  accept- 
able crasbnrortby  design,  taking  into  account  the  crash  environment,  an 
available  analytical  method,  structural  load-deflection  behavior,  structural 
design  and  occupant  tolerance  criteria  as  well  as  potential  weight  and  space 
penalties.  An  initial  set  of  available  data  is  used  to  obtain  resx>onses  of 
structure  and  occupant  to  a specified  crash  environment.  The  structural 
responses  are  compared  to  an  existing  design  criteria  (i.e.,  restraint  system, 
cabin,  equipment,  mass  x)enetration).  The  occipant  response  is  compared  to 
existing  tolerance  criteria  (human  tolerance,  strike  envelope,  impact  force) 
and  an  assessment  is  made  of  the  probability  of  a serious  fatal  injury. 

It  may  well  be  that  the  governing  structural  design  and  occupant  toler- 
ance criteria  are  inter- related  (i.e.,  cabin  volume  change  and  occupant  strike 
envelope).  If  the  analysis  shows  either  the  structural  design  criteria  or 
occupant  tolerance  criteria  is  exceeded,  then  the  structured  characteristics 
of  the  proposed  design  indicate  Vhat  changes  are  in  order.  For  example, 
abrupt  failiares  in  some  areas  pose  a threat  to  the  occuplable  volume  and  may 
be  avoided  with  a change  in  concept  or  material,  providing  more  plastic 
deformation.  The  designer  can  edter  some  of  the  initial  concepts  euid  the 
analysis  can  then  be  performed  with  changes  in  load-deformation  characteristics 
to  determine  what,  if  any,  improvement  has  been  achieved.  It  may  be  that  the 
inprovement  in  crashworthiness  may  come  from  better  restraint  system  concepts 
and  not  structural  changes.  If  so,  then  this  should  still  be  determined 
within  the  framework  of  the  iterative  procedure. 

Available  techniques  for  assessing  occupant  chances  of  survival  are 
presented  in  Section  3>  Structural  load-deflection  behavior  is  presented  in 
Section  4.  The  procedure  presented  in  Figure  5-2  is  not  dependent  on 
structural  and  occupant  assessment  being  performed  within  the  same  analysis. 
More  likely  there  will  be  a requirement  for  a minimum  of  two  integrated 
analytical  methods,  one  for  a structural  model  and  one  for  an  occupant-seat- 
restraint  system  model.  Several  occupant  models  are  described  in  References 
1 through  5. 


Figure  5-2.  Rrooedur*  For  Asaosslng  a Structiural  CraalnrarthiiiMi  Design 


Once  the  governing  criteria  are  satisfied,  a determination  is  to  be  made 
of  the  weight  and  space  pen*d.ties,  if  any.  Associated  with  any  change  in 
design  concept,  and  consequently  structured,  behavior,  there  is  potentially 
a change  in  weight  and/or  space  requirements.  If  design  cheuiges  are  deemed 
to  cause  too  high  a weight  penalty,  they  must  be  reconsidered.  If  the 
weight  and  space  requirements  associated  with  a structural  change  are  accep- 
table, the  analysis  must  then  be  performed  to  determine  if  the  responses  are 
within  acceptable  limits  (equal  or  less  than  the  criteria).  Once  the  design 
criteria  aie  satisfied  and  a satisfactory  weight  and  space  penalty  has  been 
achieved,  an  acceptable  crashworthy  design  has  been  formulated  for  the 
crash  environment  in  question. 

Normally,  one  would  expect  that  several  iterations  would  be  required 
to  achieve  an  acceptable  design.  In  the  event  a vehicle  is  initially 
overdesigned  for  a crash  consideration,  the  same  Iterative  procedure  can  be 
used  either  to  reduce  weight  and/or  show  the  higher  level  of  crash  environ- 
ment that  is  available.  Figtire  5-3  shows  how  the  results  from  the  procedure 
described  in  this  section  can  be  used  to  perform  a reveauLing  trade-off 
between  weight  and  crashworthiness  capability. 
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FIGURE  5-3.  TRADE-OFF  BETWEEN  WEIGHT  INCREASE  AND  CRASHWORTHINESS 
CAPABILITY  FOR  A SPECIFIED  CRASH  ENVIRONMENT 


While  the  above  discussion  shows  how  the  iterative  procedure  en5)loyed  with 
a detadled  model  reiwesentation  can  be  functioniJ.ly  utilized,  it  also  sug- 
gests another  approach  is  feasible.  Depending  on  the  analytical  method 
that  is  integrated  into  the  procedure  shown  in  Figure  5-2,  it  is  possible 


to  reverse  the  modeling  process,  in  a manner  of  speaking,  and  "stipulate" 
the  load-deformation  behavior  that  is  required  to  meet  a specified  energy 
absorption  level  for  a probable  crash  condition.  Following  the  procedure 
described  earlier  in  this  section,  the  stipulated  requirements  would  have 
to  be  shown  to  result  in  an  acceptable  design.  Once  verified,  the  designer 
would  then  have  to  select  structure  with  appropriate  load-deflection  charac- 
teristics. This  technique  would  also  provide  data  to  perform  a weight 
versus  crashworthiness  capability  tradeoff  as  shown  in  Figure  5-3* 

Controlled  crash  testing  of  complete  airframes  as  a means  to  show  com- 
pliance with  design  criteria  is  prohibitively  costly  and  unrealistic.  At 
best  each  test  provides  only  one  data  point.  Furthermore,  a design  which 
is  considered  unacceptable  requires  modification  and  additional  test  veri- 
fication. An  alternative  to  such  crash  testing  is  the  use  of  analytical 
procedures  or  some  combination  of  analytical  procedures  coupled  with  limited 
experimental  verification.  The  experimental  verification  could  be  per- 
formed to  show  that;  1)  methods  that  were  applied  are  valid,  or  2)  provide 
Justification  for  the  use  of  selected  data.  Consequently,  testing  could 
be  limited  to  structural  elements  or  substructures. 
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